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INTRODUCTION

Good morning, ladies, gentlemen, and fellow flyers. That's not to
say flyers are not ladies and gentlemen, but to highlight what a pleasure
it is to lead the Air Force participation with aviation minded folks in
this Symposium which addresses the challenging and critical subject of
advanced displays. The Air Force shares your concern over fielding
optimum displays which enhance achievement of operational requirements.
This symposia demonstrates the fact that we are on the threshold of a
display technology revolution which will guide the way to previously
unachieveable improvements in mission accomplishment. And equally as
important as the technologies, this symposium demonstrates recognition
of the need for increased interelations among military aviators of not
only the U.S. Army, Navy, Marines, and Air Force but also those of our
allies.

Technology and management have yielded considerable progress in the
past two hundred years. Our mission is still to fly and fight; but we
must do it such that we can counter an increasingly sophisticated and
varied threat with a shrinking budget and a dwindling pool of resources.
We can no longer afford the luxury of large numbers of aircraft; the few
that we do purchase have to do more with a high probability of survival,
and be affordable. The demands on the man in the cockpit, therefore,
become ever greater and the crew station with its array of information
transfer devices then becomes the potential "achilles heel" of an
otherwise effective system.

To place the problem in perspective, it seems appropriate to talk
briefly about how present-day cockpits evolved before moving on to
specific types of problems, constraints, potential future needs, and
opportunities.

COCK~PIT EVOLUTION

Historically, cockpits have tended to grow in complexity in almost
direct proportion to the job the aircraft is designed to do and the
systems necessary to allow it to do it.

Display problems in the first cockpit did not exist; there was no
place to put a display even if one was available. It was truly a fly
by the seat of the pants affair.

The mission of the WWI Spad was rather simple, and its complement
of instruments was also austere. History reports some heroic episodes.

The situation became a bit more complicated with the WWII P-51, but
was still manageable in what was essentially a VFR fighter whose main
task was to fly faster and maneuver better than an equally visually
restricted enemy. Again the highly skilled aircrew overcame many machine
limitations.
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The F-ill, represented a virtual quantum leap in mission complexity.
The problems and costs associated with trying to fit in all the subsystems
required for mission performance were great. The trend shown by this
escalation had severe implications to the cockpit display designer.

As you can see, over the years, speed envelopes have increased as
mission requirements became more stringent.

Along with that upswing was an attendant increase in the numbers and
kinds of systems, which in turn, created a profusion of controls, switches,
and displays. The situation bordered on total aircrew saturation.

The problem, of course, as you are aware, takes on even greater
proportions in single-place modern fighter aircraft such as the F-15
and F-16. Functional display integration in these two aircraft has taken
us a long way, but the heretofore essentially analog technology base con-
strained development of a full-blown integrated crew station.

PROBLEMS CONSTRAINTS

The future poses an even more formidable challenge. Extensive
-mission and threat analyses give us a rather disquieting projection
of severe land-based operating environments in several theaters, typified
by widely varying weather, as well as Georgraphical and Political
constraints.

To counter this threat, we must have increased numbers and kinds of
sophisticated systems and subsystems. With the trend toward reduced
crew sizes, we no longer can tolerate a dedicated display cockpit.
Greater information requirements with the attendant questions of what,
how much, and where to put it, call for a flexible display approach.

The pilot cannot be the information integrator; he must be a weapon
system manager. This circumstance dictates an overall systems approach
to the cockpit. The methodology for this approach is in hand, but to do
the job properly, we require increased flexibility both on the front and
rear of the panel.

Digital technology is essential to achieving this objective. The
systems integration potential of the Digital Avionics Information System
(DAIS) concept is, therefore, critical to the development of future
aircraft, particularly of the fighter class.

So important is the cockpit to the creation of effective aircraft
weapon systems that the Air Force recognized it as a critical element
of the development process for the Advanced Tactical Fighter. This
sophisticated ground attack weapon system is now in the technology
feasibility investigation phase and we see a crucial need for advanced
display development to go hand-in-hand with, and perhaps be a driving
function in, the rest of the design process. We are being driven in
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these new directions by several constraints, some of wdhich I have
already mentioned.

Increased mission demands are staggering. We must be able to
effectively deal with a potential adversary who may have numerical superior-
ity and whose defenses are both highly sophisticated and strategically
massed. We may be operating in a highly weather-restricted environment
in a fast-paced conflict whose rapidly changing pace demands near real-time

* intelligence and ever closer command and control. We must deploy and
marshall our land, sea, and air resources quickly and efficiently and
support them when we get there. We must, therefore, minimize manpower in

*order to meet mobilization requirements and insure that our systems have
increased reliability. And, to top it all off, we have to factor in
cost.

Technology developments in aircraft performance and avionics
should allow us to meet these demands in terms of capability, but
they complicate the man-machine interface problem.

The requirement for higher combat speed brings with it shorter
reaction times and less time per engagement. Displays must, therefore,
present only the information needed, when it is needed and in a mode which
insures effectiveness.

Increased maneuverability brings higher accelerations and reduced
physiological performance on the part of the pilot. He can be protected
by supination which allows greater aircrew performance under "G's", but
at the penalty of significantly reduced display area.

Fighter aircraft are also being driven down in size which creates an
extraordinary real estate problem. Witness F-15 versus F-16 panel as
seen here.

Advanced sensors, navigation systems, weapons and delivery systems
proliferate, each one with its own control/display needs competing for
primary panel space. This situation vividly demonstrates that the
limited control and display resources must be shared among several sub-

I. systems; while avoiding abiguities and pilot confusion.

Increased thrust-to-weight ratios and advanced flight controls add
a new dimension to the demands on the aircrew.

We must, therefore, be far more efficient in dealing with the man-
machine interface. The only way to accomplish that goal is to include
the pilot factors issues of control/display interaction in the design
process from the outset. We must become anticipatory rather than
reactionary in cockpit development. We must truly build the cockpit
around the man.
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WORK TO BE FINISHED

Now that we have reviewed the evolution of the past and defined
objectives for the future of crew stations, it is appropriate to discuss
some of the practical problems that must be solved before the full benefits
from these new concepts can be realized.

From a display component standpoint, there will be an increased reliance
on electronic displays and at the same time the cockpit volume and viewable
panel space will continue to shrink. This will make display volume and
form factors more important than before. In addition to this, it is
important to note that the cockpit will increasingly be dependent upon
electronic displays for the presentation of critical flight and weapon
control information. Of course catastrophic failures in these applications
are of major concern. Consequently, the Air Force is exploring the po-
tential benefits to be gained from the new display technologies which are
emerging, such as liquid crystal and LED matrix displays. We have sponsored
developmentof circuitry for driving liquid crystals such as the matrix
array shown here. This array consists of 10,000 picture element drive
circuits fabricated on a one inch square silicon substrate. Similarly
the LED matrix display under development by the Air Force is composed
again of I x 1 inch replaceable display modules, each with a resolution
of 64 dots per inch. It appears that these techniques will not beat the
basic CRT display on a cost basis alone in the immediate future.

However, cost of ownership analysis indicates that it is easily
justifiable to pay considerably more for a display initially if it
provides higher reliability and simpler maintenance in the long run.
Of course it is going to take time and large capital investments (probably
by private industries in many cases) to bring these technologies to the
production line. So that in the immediate future designers must continue
to live with the constraints imposed by the components that are available
today.

On the other hand, suppose that the flat plate solid state display was
here today and computers had been pursed by competition further down the
cost curve and a software cost breakthrough occurs. Is the job over? Are
we there? Fortunately for those of you employed in this industry, the
job has only begun. These technology developments will open the door to
many new possibilities in crew station design.

The optimum crew station configuration for a specific application is
located somewhere in the multi-dimensional space depicted in this vugraph.
The problem is to make the appropriate tradeoffs necessary to locate the
design properly for best crew performance. This is obviously a difficult
task involving many subtle factors.
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For instance, consider the following items as typical examples of
the design questions that need to be answered:

Now that the cockpit can be, subject to a few limitations, reprogrammed
in flight to a multitude of configurations, the crew station system designer
has a list of options that boggle the mind. How many should be used and
how should failure or backup modes be acconmmodated? Obviously these
questions will yield to common sense and experience, eventually, but
at the moment this is almost virgin territory.

Then consider the problems relating to data flow between man and this
highly specialized computer complex that has replaced the fixed "dumb"
response of traditional cockpits. There is a tendency to think in terms
of exchanging information in a manner similar to that of a computer ter-
minal where the man is dedicated and the machine is time-shared. Ways
must be found to free the crew from the burden of extensive keyboard
operations and turn the relationship around -- dedicated machine,
time-shared man. When the pilot pushes a button - an immediate feedback
should confirm systems are ready and desired actions will follow when
commanded.

The introduction of computer-driven displays opens up the opportunity
to employ many forms of graphic displays which were not feasible before.
This is a new art form for tt1-, cockpit designer and much remains to be
done to establish the practical limitations of graphics and most
appropriate applications of this technique.

Finally, there is the question of display metrics for matrix displays.
The science of display metrics is still evolving and the quality of CRT
displays is not yet totally understood. The matrix display with its
two-dimensional raster is a different device and there are now new questions
to answer concerning the unique attributes of these displays.

We are not at the cross roads where the man, with his tremendous
innovative and adaptive capabilities, may be the limiting factor in
mission performance. The man is more talented and versatile than any
computer and we must turn our technologies to take advantage of this
fact. Moreover, the computer has capabilities often limited only by
our programming smarts.

So you see from this partial listing there are many problems
remaining to be solved, and I am sure that many of you in the audience
are thinking right now about items that should be added to this list.

TOTAL INTEGRATION

There is one remaining problem to be solved if the crewman is to
become a "total system manager" and that is the integration of all the
pertinent avionic information into a system that can exchange and process
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data on a higher level of sophistication than has ever been done before.
For example, there may be many sources of navigational information on an
aircraft. It is perfectly logical to integrate this and select the most
accurate source or form a weighted average. Then this single source could
be distributed as required. But what is thepilot's role in this as a
manager. Should a fault detection automatically cause one nay. - source
to be substituted for another, without pilot intervention, and suppose the
TACAN unit is really displaying information from a GPS source. What is the
effect on crew confidence? This is a simple example of the sorts of things
that need exploration.

Because of the complexity of these data systems, it will require a system
test bed for development where concepts can be implemented and refined on an
iterative basis, something like this vugraph depicts. This is going tu
require a system simulator of extreme flexibility which has the capacity to
exchange data with a myriad of points scattered throughout the total avionics
system and the ability to process and redistribute this data in accordance
with programmable instructions. Fortunately, Air Force has such a test
bed under development as part of the DAIS Advanced Development Program at
Wright Patterson AFB.

The original objectives of DAIS included the development of a digital
avionics architecture that could provide a significant improvement in
display hardware in terms of reliability, maintainability, flexibility,
and lower life cycle costs.

Now that the DAIS architecture has been defined and hardware and
related software are being assembled, attention can be turned to evaluation
of specific system concepts and configurations. Plans are being formulated
to do extensive evaluations of total systems, and theplans for crew station
evaluations include both fixed and moving base test conditions.

In summary, let it be said that the DAIS test bed offers a unique
capability to evaluate and refine total system designs, and it will be
fully exploited in the future to develop better crew station systems for the
Air Force and our friends.

FINAL

We in the R&D community must insure that those of us who are sent to
fly (both United States and allied aviators) are capable of fighting at
peak efficiency. Our mission is to fly and fight worldwide under any
conditions and win.

We must ensure that our aviators gain the combat edge.

Gen Doug Mar-Arthur sutamed i up with the bottom line.

Thank you for this opportunity to participate in your symposium and

keep pressing on!
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INTRO DUCT ION

Some elements which must be considered during display design:

(1). Advancing technology of computers and displays is yielding the
capability to begin with the forward portion of the cockpit a blank drawing
board and to present specifically what the pilot needs to accomplish the
specific mission segment - normal or combat.

(2). Along with this capability goes almost total design flexibility,
which is essential as it is virtually impossible to anticipate the uses
and requirements of a future era. Consider - the possibility exists (if
for no other than fiscal reasons) that a weapon system conceived today,
introduced 5 to 10 years hence; will remain in the active inventory for
some twenty years after introduction. We are talking a time interval
of nearly 30 years from conception. However, as desireable as flexibility
is, it is extremely expensive (software costs becoming greater than hard-
ware) so that thorough pre-planning of the display content and format is
necessary to minimize future changes.

(3). Changes in the National Airspace System - MLS for instance:
Methods of guidance must be devised for flying curvelenear approaches/
departures and integrating time into the display.

(4). The capacity for truly all-weather (at least low visibility) is
within the reach and is particularly critical for the military role.

To achieve this goal, not only must displays of position, projected
position, and time be devised; but we must extend our sensory abilities
to present literal real world imagery. We need the technology to produce
this and overcome problems of current ER or KU, KA band radar. Possibly
something of a multi-spectrol approach. Intuitively, it may be more
desireable to develop an on instrument to touch down capability rather
than attempt to enhance the transition from instrument to visual. Actually
Cat II conditions may be more hazardous than properly instrumented Cat III.

Back to the subject of information requirements, more specifically,
as it is very easy to spell over into displays, I have broken these into
requirements for various mission segments.



INTRODUCTION

1. ME

2. EXPERIENCE - Limited

a. TRAINER - INSTRUCTOR (T-37, T-38, T-39)

b. FIGHTER - F-100

c. RESEARCH - IFC (T-38, T-39, T-29)

d. TRANSPORT - T-39

3. INTRODUCTION

4. BROKEN DOWN MISSION SEGMENTS

a. BASIC-UBIQUITOUS TO ALL PHASES

b. TAKE OFF

c. CLIMB-CRUISE-DESCENT

d. APPROACH-LANDING
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BASIC - UBIQUITOUS

1. ANNUNCIATION

a. RADIO IN USE

b. RADIO PRE-SET

c. BOTH COMM & NAV

d. FLIGHT DIRECTOR MODE

e. AUTOPILOT-INDENTURE

f. FAILURE WARN.

2. NAV. POSITION

a. WAYPOINT-FIX IN USE

b. DISTANCE TO SELECTED WAYPOINT/FIX

c. TIME TO SELECTED WAYPOINT/FIX

d. STEERING-RAW & COMMAND

3. ALTITUDE

a. CALIBRATED - ALL THE TIME

b. ABSOLUTE AT LEAST BELOW SOME PRESELECTED LEVEL
(2500'-3000' ETC.) MIGHT VARY DEPENDING UPON
MISSION FIGHTER,TRANSPORT, ETC.

4. SPEED

a. CALIBRATED A/S

b. TAS (available)

c. G.S. (available)

5. PITCH AUGMENTED RATE (IVSI), NOT NECESSARY IF FPA USED.
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TAKEOFF

1. ENGINE PERFORMANCE

a. LIMITS

b. POWER OUTPUT

c. FAILURE WARNING VS. RAW INSTRUMENTS

2. ACCELERATION

a. TIME

b. SPEED VS. DISTANCE (RUNWAY MARKERS OR DME)

c. LONGITUDINAL ACCELERATION

d. ENERGY MANAGEMENT

3. SPEED

a. ROTATION

b. REFUSAL

c. ETC.

4. ABORT COMMAND

a. FAILURE WARNING & ANNUNCIATION

b. DEGREDATION LEVEL

c. ABORT DECISION-COMMAND

5. BASIC REQS.

a. ATTITUDE

b. HEADING

c. RUNWAY ALIGNMENT-DEVIATION FROM A COMMANVD INFORMATION
(STEERING AND ROTATION)
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CLIMB-CRUISE-DESCENT

I. BASIC INFORMATION

a. NAVIGATION GUIDANCE

b. DRIFT ANGLE

C. WIND VELOCITY

d. ENGINE MONITORING-FAILURE-WARNING-IMPENDING-ACTUAL

2. CONTROL/PERFORMANCE INFORMATION

a. ATTITUDE-MUST HAVE PURE ROLL
-PITCH OK (FPA BETTER)

b. FUEL-QUANTITY, TIME REMAINING

c. ANGLE OF ATTACK

(1) CLIMB-BEST ANGLE/EFFICIENCY (F-Ill D)

(2) CRUISE-EFFICIENCY/MAX RANGE/OPER. RANGE/LOITER

(3) MANEUVERING POTENTIAL

(4) MUST BE MEANINGFUL - % OF LIFT AVAILABLE (NORMAL)

3. VERTICLE GUIDANCE (RAW & COMMAND)

a. CLIMB PERFORMANCE- RATE, FPA, EMERGENCY PERF.

b. CLIMB POTENTIAL-ENERGY MANAGEMENT

C. LEVEL FLIGHT

d. DESCENT - MAX. RANGE

- SELECTED RANGE

- TO A FIX
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APPROACH-LANDING

1. GENERAL INFORMATION

a. CALIBRATED AIRSPEED

b. CALIBRATED PRESSURE ALTITUDE

c. ABSOLUTE ALTITUDE

d. TIME - TO SELECTED FIX
- TO LANDING

e. ANGLE OF ATTACK - TOTAL
- EXPANDED FOR FINAL APPROACHED

f. LANDING SEQUENCE ANNUNCIATION

USAF IPIS (IFC) CONDUCTED EXTENSIVE STUDIES UNDER REAL WORLD

C:ONDITIONS DURING PILOT FACTORS PORTION OF THE SST PROGRAM.

I DREW HEAVILY UPON THESE AND UPON MY EXPERIENCE DURING LOW

VISIBILITY LANDING STUDIES FOR THE LANDING AREA.

2. TWO GENERAL CATEGORIES

3. VERTICAL PATN GUIDANCE

b. LATERAL PATH GUIDANCE - MOST DIFFICULT DUE TO

DYNAMICS OF SITUATION, I.E.. DEVIATION NOTED, BANK

INPUT, HEADING CHANGE, CORRECTION INITIATED.

3. VERTICLE PATH GUIDANCE

a. GLIDE SLOPE INFORMATION AND ERROR

b. PITCH ATTITUDE

C. PITCH AUGMENTED RATE (IVSI)

d. FLIGHT PATH ANGLE (NEGATES b & c)

e. ABSOLUTE ALTITUDE AND RATE (QUALITATIVE)
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f. PROJECTED TOUCHDOWN PT.

g. COMMAND STEERING & INCLUDING FLARE

4. LATERAL GUIDANCE

a. CENTERLINE ERROR(LINEAR TERMS VS ANGULAR)

b. LATERAL RATE

c. MAXIMUM TOLERABLE DISPLACEMENT & RATE (TAYLORED ILS)

d. COMMAND STEERING TO - AIRBORNE
- ROLL OUT

5. FOR LOW VISIBILITY LANDING

a. ROLL OUT DISTANCE REMAINING

b. ILM

(1) FPA

(2) AOA

(3) ABSOLUTE ALTITUDE

(4) SYMBOLOGY MUST BE INSTINCTIVE - NO TIME FOR
INTERPRETATION

(5) RUNWAY ENVIRONMENT

(6) PROJECTED TOUCHDOWN POINT

PITCH IN FOR MOTHER HUD!
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OPERATIONAL REQUIREMENTS FOR ADVANCED FIGHTER AIRCREW DISPLAYS

CDR JOHN K. READY, USN

INTRODUCTION

I appreciate the opportunity to participate in this Advanced Aircrew
Display Symposium and, as a fleet representative of Navy fighter aviation,
I fully endorse the purpose and objectives of this meeting. When I was
assigned the task of addressing such a distinguished group I felt
uncomfortable because, first, I've had very limited experience with advanced
cockpit displays, and secondly, fighter pilots are notorious for being dumb
and ornery. As a matter of fact, just the other day I read an inscription
hanging on the wall of a noted fighter pilot which read "A MIG AT SIX
O'CLOCK IS BETTER THAN NO MIG AT ALL."

Well, I hope to overcome that image and give you insight into how
a fighter pilot thinks in the air and what type information he needs.
Perhaps I can relay some ideas on improving and simplifying his management
of cockpit data.

I feel that our ultimate goal in the fighter decision tree is what
you see on this slide. The basic tactics of air combat are unchanged;
the aircrew must still analyze their own skills, aircraft, and weapons,
and weight them against those of their adversary in order to fight and
win by shoving it up his tailpipe. Technological advances and new
weapons systems have extended the nature of air combat and have placed
greater demands on the skills of the aircrew. The complexity of the
fighter role is ever increasing. Here are our problems:

(1) The logic in achieving a weapons solutions is elaborately
interrelated and interconnected.

(2) Total information on aircraft performance, weapons systems,
threat capabilities and tactical situation is needed.

(3) The numerically inferior scenario is real, and

(4) We will always have the restraints of positive identification.

These are real world problems and is the basic philosophy of our
training. I've seen accidents, increased training requirements and
mission ineffectiveness from the aircrew's inability to assimilate,
evaluate, react to, and judge cockpit information in this most dynamic
environment. Even many fights are lost because of aircrew preoccupation,
misinterpretation, misregistered information, mismanaged weapons systems,
and in clear-air-mass, they never saw the enemy.
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FIGETER PILOT'S TASK

Once on an attack vector or in a close-in engagement, the fighter pilot is
in an absolute dynamic environment, often with reduced vision and I.Q., and
the three basic questions he must satisfy are:

(1) Am I in a weapons envelope with some predetermined probability
of kill?

(2) If not, what is lacking: range, relative speed, aiming, or relative
angle?

(3) Do I have the combat fuel package to engage, maneuver and escape?

DISPLAY LOGIC

In order to best present the type of information Navy fighter pilots need,
I've taken the approach of integrating a multimode weapons system that provides
instructions necessary to detect, track, and attack a selected target in a
fleet air defense role and/or a "clear-air-mass" air combat role. I've
purposely limited my remarks to the basic fighter mission without addressing
electronic countermeasure displays, long range identification displays or
special fighter tasks.

Again, returning to basics, for both phases of the fighter mission, the
philosophy of "se, ''decide,'' ''attack,'' ''kill'' and "'escape"~ still apply.
The fleet air defense phas, will always be interrelated and interconnected
with the close-in air combat phase. In a long range or short range attack,
the pilot must first detect the threats, second analyze the tactical
situation, third determine the treat formation, and fourth decide and
conduct an optimum flight path. To do this, he must consider:

(1) The method of engaging from a position of advantage.

(2) The best energy level.

(3) The best intercept geometry.

(4) The best weapon.

(5) His fuel constmption, and

(6) The threat capabilities

An advanced display system must provide the pilot with simple,
accurate and reliable information to rapidly answer thp following
quest ions:
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(1) Are my weapons ready to shoot?

(2) Is my energy level adequate relative to the threat?

(3) Is this attack profile optimum?

(4) What is the best weapon to fire?

(5) What is happening around me?

(6) Am I in a valid weapons envelope, if not, what is lacking?

(7) What is the best reattack profile?

(8) Which direction, what fuel state, and at what energy profile

should I disengage?

Obviously, all these questions cannot be answered for the aircrew. The
aircrew, however, must have the basic, essential information to answer
these questions quickly and accurately. I feel that an advanced display
system should reduce the transformations that the pilot must make in
answering these questions and in successfully accomplishing the basic
required fighter tasks. The data displays should change in response
to the aircrews actions and the changes in the operational environment,
and they must be adaptable to varying tactical requirements as a mission
progresses. As an example, I often wonder, for a multiple weapons mix,
should I have exclusive control over deciding on weapons selection or
should "best" weapon be selected automatically as I progress through the
various phases previously mentioned. I wonder what impact this would have
in reducing a pilots mental and physical workload.

DATA DISPLAY GROUP

This next slide illustrates a practical approach to the integration of
needed information progressing from a surveillance tdsk to a launch or
"vshoot" task for both the fleet air defense or visual air combat roles.
I envision this data display logic to progress from the "heads-down"
Tactical Display up to the final goal of "heads-up" Launch Phase for
all weapons.

The horizontal displayI information required consists of:

(1) Target classification:

Surveillance Data
Friendly

Hostile
Unknown
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(2) Target Parameters:

Speed
Range (relative)
Elevation (altitude)
Bearing (relative)

(3) Long Range Launch Zones

(4) Reference Points

This must be a 360 degree view of the surrounding tactical situation.

During the "attack" phase, a vertical display is required and the type
information required is:

(1) Attitude Reference

Pitch
Roll
Heading

(2) Relative Energy Level

Speed
Altitude

(3) Steering Guidance/Steering Error

Azimuth
Elevation

(4) Target Parameters

Range (Relative)
Altitude
Headingr. Speed

(5) Maximum Launch Range

(6) Minimum Launch Range

(7) Weapon Status

During the "launch" phase, the "heads-up" display is a must. In discussing
a "heads-up" display, the majority of fleet pilots I've interviewed feel
that the concept of a "heads-up" display is invaluable; however, it should
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(l) Be uncluttered

(2) Be an aid to line-of-sight to the target

(3) Be used for aiming, and

(4) Except for weapons mode or status, it should indicate launch envelopes
by positional indications rather than digital readouts or scales.

Digital readouts and scales have to be "read,", whereas positional displays
relay peripherial information. Information needed:

(1) Armament datum

(2) "Line-of-sight" to target (to angle track limits of radar)

(3) Steering guidance

(4) Max/Min Range

(5) Real time gun sight

(6) Weapons Status

So far, I've addressed the basic and essential types of information needed
to successfully conduct a fighter mission. As mentioned earlier, this has
been a simple approach, addressing only essential information which is
frequently transformed by the pilot. Other essential information which
is less frequently used, but which should have dedicated indicators or displays
are: speed, altitude, ehading and fuel state. The airspeed and altitude
requirement is obvious and provides energy management information. I am
opposed to an "energy management" or "specific excess thrust" display since
energy state is best determined through psychometrics, given good flying
qualities and performance, and training. Energy management is a very
important concept which every fighter pilot must understand and use; however,
in a true "heads-up" fighter these parameters should be "second nature,"
and, in numerous situations, good fighter pilots may mismanage energy pur-
posely to achieve an advantage or a "kill."

An accurate, simple, and dedicated display of fuel state is essential.
It should be easy to read, p-ositional, as well as digital, readout and near
the periphery of a "heads-up" scan. Fleet pilots tend to mistrust and misuse
associated warning lite or annuncia':or systems associated with "bugout"
or "bingo" fuel. The combat fuel package is influenced by many factors
and should be considered in mission planning. An additional aural or
warning light system would have limited use and should not replace a simple,
accurate, dedicated fuel gage.

A dedicated angle-of-attack presentation was historically used in maneuvering
fighter aircraft. These aircraft did not have discernable feel at best
instantaneous and sustained flight conditions. If a fighter aircraft is well
designed, the pilot can best determine maxim.,, urn performance by airspeed

.22



information and flying qualities. The most frequent use of angle-of-attack
information occurs doing uncontrolled flight and not considered too useful
otherwise in air combat.

Normal load factor is essential information which does not necessarily
require a dedicated display. Most pilots use a C-meter to initiate a
maneuver or to determine the degree of overstress after a maneuver. Again,
if given good flying qualities and proper training, A G-meter becomes an
infrequently used bit of information. Perhaps a warning system of impending
limit load factor would be sufficient or a parameter limiting flight control
system.

SUMMARY

In summary, all other types of cockpit data are considered to be used
infrequently and could best be presented as a situation occurs or as
aircrew "call-up" items. This would include subsystem parameters,
degradated subsystems, communication, navigation, long range identification
systems and emergencies.

I hope that this overview of Navy fighter requirements has been inf or-
mative. Todays fighter aircrew is in a quandry of limited training, while
facing an even more complex fighter mission in the next decade. The
demands of weapon management are ever increasing display systems appear
to be easier to read, but the volume of information available requires
intensive training to manage properly. I firmly believe that we must
keep display systems simple, reliable, and accurate. Only in this way,
can we "give the average guy a better than average chance of winning."
Thank you!
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USAF AIR SUPERIORITY AND INFORMATION DISPLAY

MAJOR JAMES BEATTY

A fighter pilot's requirements for information can be totally
overwhelming. His aircraft systems are capable of completely deluging
him with data. However, in many combat settings, such as the highly dynamic
environment of a close-in air-to-air maneuvering engagement, his capa-
bilities to comprehend that information are reduced. As range decreases
pilots' tend to "tunnel" their mission and concentrate only on the target
itself. This is a natural human reaction to focus all the "receptors"
on the area of highest interest. The target is generally small and
fast moving. The consequences of target information misinterpretation
are quite grane so the natural reaction is to narrow the visual field
of regard and also reduce the sensitivity to any other perception
channel.

The problem for the designer then, is not to how to creat more
information in the cockpit, but rather how to code, order, simplify and
properly present it.

Slide 1 shows 26 essential elements of information needed by the
F-15 pilot in air superiority. A rather lengthy list. What the average
pilot could probably really benefit from however is a series of written
commands that told him in increasingly stronger language, "Shoot now
dumby!"

Slides 2, 3, & 4 list some data which is somewhere between the
required and nice-to-know categories for missiles and guns in the
air-to-air environment. Once again, many data bits that must/could
be presented, the question is how best to insure the heavily task loaded
pilot will perceive and correctly respond to it.

The time of more strict command/control and increased threat warning
status capability is upon us. The Joint Tactical Information Display
System (JTIDS) promises to give the aircrew an even greater amount of
information in the cockpit. The future battle scenarios for mixed

fighter forces working with the AWACS demand a novel approach to inf or-

mation display concepts, particularly in the single seat fighter cockpit.I
Slides 5 and 6 comprise a relatively current shopping list of information
the pilot could certainly make good use of in the beyond visual range
intercept or the ground attack/close air support/interdiction role.
As can be seen, our age of sophisticated warfare and technological
ability to produce information has offered a distinct possibility that
the pilot will be swamped with information which he probably will not be
able to use if it is not properly formatted, and logically presented in
an optimal location.
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The key to the research and development efforts should be

based on these questions:

What is the value to the pilot of the proposed information?

Is the displayedinformation appropriate to themission phase (segment)?

What quantity of information is needed?

Are the pilot/control interactions compatible with fast, straight
forward interaction?

Will the displayedd nformation be correctly perceived and interpreted?
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LIST DISPLAY RWUO MENTS

9" Scope

1. 3 colors - 2 minimu Red Blue (YeJlcw)

2. Enemy Aircraft

a. Type
IdmEN b. Armament (lethal cone)
REQ'D c. Maneuvering/ non maneuvering

d. Hdig alt airspeed (INMIAS)

3. Enemy SAM/AAA

a. Type
WIEN b. Lethal range
REQ'D c. Activity status

d. Target

4. Enemy Naval Forces

It7HEN a. T-ype
REQ'D b. Armament (lethal range)

c. Status

5. Enemy Ground

leNIm a. Location
REQ'D b. Status/Armor - Troops

e. Miscellaneous - whatever clandestine intell can give us.

6. FEBA

WHEN a. Location
REQ'D b. Trend

c. Weather

7. Target Area

a. Target location
WHEN b. Target type
REQI'D c. FAC availability

d. &emy ground/SAM/AAA/ aircraft
e. :-rendly gro1und,/S/vAA/aircraf
f. Target area weather

. Intercept Area

a. Aircraft Aired to
b. Tim to intercept
c. Tye target
d. Target arm~ment
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9. "Designated" Area

a. Any enemy activity
b. weather
c. Friendly activity
d. Easy selection of area

10. Friendly Aircraft

a. Type
b. Mission related
C. Activity (tanker)

11. Friendly SAM/AAA

a. General Type
b. Location
c. Activity

12. Friendly Ground

a. Type
b. Location
c. Activity

13. Friendly Naval

a. Type
b. location
c. Activity

14. Unknown/Unidentified

a. Aircraft
b. Ground
c. SAM/AAA
d. Navy

15. Message Reception

a. Easily readible alpha-numerics
b. Limited memory of msgs
c. Easy recall of msgs

16. Message Transnission

a. Easy forI'ation of msg
b. rexibiuty
c. Easy means of transrission
d. Capable of directing other aircraft, i.e., direct air tattle from fig tl:

17. Base Status
a. Weather
b. Active
c. Hostile activity
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COCKPIT INFORMATION REQUIRE14ENTS - COMM9ON ELLDAENTS

MAJOR ROBERT J. MCCUSKER

The requirement for advances in cockpit displays has been recognized for
many years. Display methodology however, has not kept pace with advances in
aircraft structulre and power plant technologies - nor has it remained abreast
of the National Airspace Systems. Fortunately, advancing display and computer
technology is yielding the capability to begin with the entire foreyard por-
tion of the cockpit, including the windscreen, as a blank drawing board and
to present specifically what the pilot needs to accomplish various mission
segments - normal or combat. It is essential to make full use of the design

* flexibility which is inherent in this capability, both to provide better dis-
plays for the pilot and to permit future changes as unforeseen mission re-
quirements dictate.

With properly designed displays, the capacity to conduct all-weather
operations is within reach, a capability that is particularly critical for
the military role. To realize this capability, not only must displays of
position, projected position and time factor be provided, but sensor abilities
must be improved to present literal real world imagery. This will require
improvemeats in current IR and KU/KA bead radar systems. The possibility
of a multi-spectral approach should be fully explored such tliat an on-
instrument to touchdown approach may be executed as routinely as we pre-
sently conduct visual landings. I'm not going to discuss specific displays,
however, I must mention that when I said "on-instrument", I was not necessarily
indicating in-cockpit displays. The entire forward portion of the cockpit,
including the windscreen, must be used. The charter given me was not to
discuss displays, but to attempt to quantify what "informtion" must be
available to efficiently operate todays and tomorrows high performance
aircraft within an environment, which although presently very complex, will
be even more so in the future. Cockpit information content may well be the
point at which engineers and designers have stumbled in the past by not
examining exactly what is needed by a pilot and/or taking advantage of the
latest technology in presently this information to him. Several years ago,
I was researching a related subject and had the opportunity to photograph
cockpits of various aircraft ranging from WWI vintage to the latest research
vehicles. The most striking factor was that the instrument panel of the
F-51 and P-47 looked almostly exactly like the F-100 and bore a remarkable
resemblance to the KB-70/B-58/F-4 generation. To be sure, color had been
added to displays, but not an awful lot more. The information requirements
I will outline are applicable to all design series and mission types of
aircraft. No matter what the intended purpose of the airframe, it must

* take off, climb, cruise to a distination or target area and return to land.
Additionally, most systems will operate for in excess of 95% of their like
span within the National Airspace System. Therefore, it is not satisfactory
to expend a great deal of money and effort to develop attack systems and then
rely upon traditional instrumentation of basic aircraft control. For lack
of a more original approach, I have broken the mission segments down into
four basic areas for discussion: Common Elements (applicable to all phases
of flight), Takeoff, Climb-Cruise-Descent, and Approach and Landing.
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* -MN EI.EMENTS

Annunclation - \ great leal )t improvement ,ouli -rt .. : c', presenting

the pilot with clear innun, iation f ihlh comuni at: n: :,a-.-gat.-un radio

is being used and )- pr(,idini t:, , i:atb:lity CO r-.,: :tequen 'es and

then call them up as act:Ve with i single action. . . is 'ot tne 'ame as
twenty or so pre-set chahnels now ivajlab'- on some mii tarv H radios, )ut

rather, the ability for the pilot t) select tre next iesired tet;uenc, as lie

rec.:ves it rrom the ,ontr 'ilrr-. et, . without istir" iniz tu- rad" .:equen&t
heing ised. 'lear, virtuall; instinct-ve annunciat:i t t he ignt IIrector
mode and autopilot level ot indenture - also require,:. L'a i .rr arnin
could he much improved. As i suggest~on, the standard worp-t:mn pane.
which the pilot refers to in determinng what general"v nas la1.ed, ,ouia
.e replaced with a small, dedicated -at'ode-rav tube ,r . -qaJ rvsta .i1s-

play area on the instrument panel. .I:s could save ;,n,,tanta. nanel space
as well as presenting .,rreci,'. .i : , , , :. er assimi at-

ing the informati.n o nc :a i:n : : : ., ,n, , . . . .. either e
cleared mannuall% .)r .utomat3,-al

POSITION TNFORM-TI:N - .ncreasng ,onhisticat,,u 4x:an~e -,-temrs suc:; as

%ILS ire demanding Adoitlonal in .i-kpit Ln.,rmat!on v., :-ruM: tne 1iot t
full'; utilize 2ie svstems ,otent. il. !n iddition to .'Llrsr ,;',lance and
distance, items such -is '.;i, 1 way noint ,r rix is 5ei ie.:z _ oreterence,
time to specified posit .on, " *i;i-i i rer-,niia. area ini suitar'., ommand

steering intormation !or urv\,,_. ippr a, , pat:ls must )e yeV:seu. r,)bad ,

the most significant element here is :.me -n. seiecte: i, :o:n-. :ru1 t:on-
ally, pilots have mentailv cDuted tht:r irr:va, ijmts vtr iouLs lositions

or relied upon ground vectoring oc obtain 5 paciug. .ncreasing :Orrnha', area
traffic densities are requiring mucn more accurate tour ;imentiona. positiona.
information. In the not too distant tututre, tn- ani' It'.: '' -u,'iKl, and

accurately determine time elements telative t, tn appr .a, ni zot m 'V A
requirement much as transponders and communiat-ons rai. S ire no%.

ALTITUDE - As an adjunct to allbrated aL:tude,. s, Lute- .!t:t!de i I
necessity. This information snould h)e o)resenteu. as a mnn.mun, ew some

pre-selected level which may vat% _,erendng upon mission Fr .. r

transport category, 2500-3000 1-eet ind poss : 1.' much :.er t 1 gnter
attack aircraft due to the 1miznier vert:.a. rates generarted.

SPEED - With existing technologv, 'a!1:nr3ted aIrsp.c sou,- i>wa-s 'e
available to the pilot. True airspeed and zround spe.' -..,u.: ."e a select-
able display element, if not continuous." jisplavea..'v ,: t rial approach

which has been computed so as to make good a C ibrateu airs., whici in *urn
yields a given true airspeed in order to acnieve a 4estec gu nmd speed. Th..s
truly constitutes an inaccurate, burdensome prl<edure at ,--.

VERTICAL RATE - The vertical velocit indicator used in ine ma-or: v ot

present day aircraft is basically the same design as tnat ., t&i>. As a
minimum, pitch augmented rate (instantaneous vertical vel,,citv) should he
provided. However, with the advent of more accurate instrumentatlon, the
parameter of flight path angle (FPA) is presentable in osab'e fo-rm. 7he
practice of attempting to establish a vertical speed Wfli-! in 'mbtnation
with forward veiocitV, corrected 'or wind, will provide a esired path
through the air mass is archaic to say the 'east. F:ispla'.ng -P\ Is there-

fore both more direct and accurate. As an example of its ise, whien inter-
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ceptinK i precision approach glide slope, the pilot simply establishes a FPA

equivalent to the glide slope angle. Simple, direct, less burdensome and

thererer safer.

TAKEOFF

.N,NE :.R.LRMANCF - Total engine performance monitoring can be accomplished

is.ng :omputvrs ror tne task if integrating and assessing data. For example,

man. .rrent installations use engine RPM only as a general limit monitoring

.1eV! ,.',t:)er tnan this function, it serves little useful purpose to the pilot,
;tt valuable instrument panel space is devoted to tachometers and similar
enginte monitoring instruments. RPM, oil pressure, power output, etc. should

De monitored electronicallv and the pilot provided information relative to out

%)t tolerance conditions and appropriate corrective action. This form of logic

'.ends :telf to Aedicated .RT or liquid crystal displays. Dedicating scarce
panel space to the multitude of engine monitoring systems is simply no longer

a teasible :uxurv. Further rationale is that many pilots who have experienced

gradual failures will freely admit that their first noted indication was

.iumination of the master caLtion light, not gradually changing instrument

ind; at ions.

AIRC(RAP7 PERFORMANCE - Assessment of aircraft performance during the

:ake-orf rhase ts truly an insurmountable task. Rules ot thumb, personal

tecnnL;ues and frequent erroneous decisions abound. Once again, sophiscated
Sensors and ,omputers -an Ibe assigned the task ot monitoring, collating, and

tnen presenting meaningtul cues to the pilot. The increased accuracy of real

time measurement of ambient temperature, density altitude, longitudinal

icceieration, etc. militate strongly towards this approach. Information pre-
iented would then -e -ailure annunciation incorporating degradation level and
an ibort continue lecision for the pilot to act upon.

a ieve a relianle low visibility capability, runway alignment and
lev at ,n :rom .centerl ne must Se presented as both raw and command steering

:nt tr n

LMB - CRUISE - DESCENT

AS -EL4>iE.rS - ",avigation guidance in beth raw and command fore-
at h -h,'u:i 'e 'r nvided in the lateral and vertical planes as well as in

rhe .,,ngitudinak i'rection. "his form of information should present the
i.:ot with -is Potenttal for increased climb angle, speed potential, and
i n ne-essarv t,) meet desired parameters such as altitudes at specific
"xes, irr'va" tmes, etc. Additionally, angle of attack information should

Dre,,ented in ither raw or prossessed rm so that the pilot may attain
;).:mum .:mb pertormance (angle or rate) and cruise efficiency for both

mormal r eng:ne out r-onditions. Attitude information must contain raw

bdn,. 11titude as well as coinand steering. It is suggested that flight
)at.h angie be iubstttuted for pitch attitude. In real.tv, a specific FPA

is wnat the pilot is ittempting to establish by varying the pitch attitude.
i~ng.' . t atracK. true airspeed relationship. FPA would also provide the

-11;- 1 r 4electing descent proiles to obtain maximum range or meet altitude
r..srr-c,,ns at spei-if c fixes. 'ransit'on to FPA display as opposed to

riw pit ittitide :oses no problems which cannot be overcome through



familiarization and inclusion of command pitch steering for those
isolated maneuvers requiring fixed pitch attitudes. Those few operators
who have been exposed to the concept (A-7 HUD) are totally convinced that
it is far better than anything they have flown.

APPROACH-LANDING

The USAF Instrument Pilot Instructor School- conducted extensive
studi-s to define the "real-world" low visibility environment during
the pilot factors portion of the SST program. I drew heavily upon these studies
and upon personal experience during later low visibility landing studies in
which I participated while assigned to the unit. The problem of precisely
controlling aircraft for landing divides naturally intwo two general cate-
gories: Vertical path guidance and Lateral path guidance. The latter is
the most difficult due to the dynamics of the situation. Consider that
changes in pitch attitude relate closely to vertical rates and thereby
to glideslope control. In the Lateral control area, a deviation is
noted, whether due to an inaccurate heading or wind shear, which
necessitates a bank input to change heading and finally begin the actual
correction back to the centerline. Hense the general division into the
two broad categories.

General information required is calibrated pressure altitude in conjunc-
tion with absolute altitude. Absolute altitude should be both quantita-
tive as a basis for decision making and qualitative if it is to be used
for on-instrument landings. Qualitative absolute altitude will provide
the pilot with a "feel" for distance above the runway as opposed to pure
numerical altitude. Angle of attack information should be used as the basis
for "speed" control as it is far more accurate in terms of actual aircraft
performance relative to changing gross weights, configurations, etc. if
automatic flight controls (AFCS) are involved, which they most certainly
will be if a low visibility capability is desired, annunciation of the
AFCS function stepping and the provision for manual sequencing must
be available.

VERTICAL PATH GUIDANCE - Glide slope information and error, pitch attitude
and vertical rate or; themore desirable parameter flight path angle, must
be presented in clear, easily interpretable form. Ideally, some display
of project touchdown point and command steering to include the large
maneuver are essential.

LATERAL PATH GUIDANCE - Error from centerline must be displayed in terms
which are meaningful to the pilot. This basically means that deviation should
be presented in linear as opposed to angular terms. Additionally, provisions
must be made for displaying lateral rate and the maximum acceptable amount
of deviation and rate which the specific airframe can tolerate within
the constraint of the particular runway width.

Command steering must be continued into the post touchdown stage to
provide rollout information. If truly low visibility operations are to
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become a reality, a means of assessing approach progress totally independent
of the instrument landing aid in use must be available. This Independent
Landing Monitor must duplicate much of the previously mentioned information
so that the pilot can check his approach path and projected touchdown
point relative to the runway environment at a glance, hense, symbology
must be instinctive.

Technology is at hand to accomplish these goals and provide the pilot
with the specific information needed to conduct a particular mission phase.
The cost of pre-planning and development will more than be offset by
increased operational capability and effectiveness.
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INFORMATION REQUIREMENTS
ATTACK MISSION

I. Objective: To determine

A. What is to be displayed

1. by class of information, in a feedback loop

context i.e.

a. Detection

b. Assessment

c. Interaction

by

2. Prioritization

a. Minimum for survival

b. Enhancement of safety

c. Minimum for mission accomplishment

d. Enhancement of mission, accomplishment

B. How it is to be displayed

1. By sensory channel

a. Aural

(1) pitch

(2) verbal

(3) signal frequency

b. Tactile

(1) shape/position (of knobs)

(2) vibration/motion
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c. Visual

(1) Method of presentation

(a) Direct view (PPI, LED, Liquid Crystal,

plasma panel, storage tube, etc.)

(b) Virtual or projected image (HUD, holo-

graphic lens, etc.)

(2) Format

(a) Qualitatively

i. rate stoppage, size

ii. color/hue

iii. on/off (binary) symbolic state

(b) Parametrically

i. digital

ii. indicator

a. Dial

b. Linear "tape"

(c) Graphically

i. Viewpoint

a. Horizontal--plan view

b. Vertical--forward view

c. Vertical--profile view

d. Isometric or Perspective

ii. Degree of Coding/Abstraction

a. Pictorial

b. Skeletonized

c. Symbolic
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C. Where it is to be displayed

1. Heads Up (visual)

2. Heads Down (visual)

3. Unrelated (tactile, aural)

D. When it is to be displayed

1. Sequence

a. Priority and preemption

b. Sharing of space and time

c. Duration of display (if sequenced)

2. Interaction/Interface of Displays

a. All eventually hhnd back to a direct bio-

sensing of external world.

b. Interference may be by

(1) Obscuration/rivalry (visual, aural and

physical)

(2) Focal plane difference

(3) Light hue sensitivity/acuity difference

(4) Brilliance and adaptation problems

c. Interference may be with

(1) Pilot mobility (a.id direct biosensin-4

or control actuation)

(2) Pilot comprehension/perception

(3) Escape/survival/environmental systems

(operation of other systems)

II. Attack Mission

A. Definition:
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*The destruction/neutralization of enemy land or

maritime targets by means of a manned aircraft under

varying conditions of environmental hazard and enemy

threat." GOR #11 defines airborne attack as con-

sisting of:

1. Defense Suppression

2. Offense/Defense Destruction

3. Close Air Support

4. Interdiction

5. Strategic Support

B. Mission requirements (as a detailed list of required/

desired actions).

1. Under normal conditions:

d. Aircraft configuration monitoring

b. Aircraft configuration assessment

c. Aircraft configuration correction

d. Aircraft structural, aerodynamic, and stability

limitation parameter monitoring

e. Aircraft structural, aerodynamic, and stability

limitations match assessment

f. Aircraft structural, aerodynamic, and stability

limitation avoidance consideration/action

g. Engine measurement (performance and condition)

h. Engine assessment (performance and condition)

i. Engine correction/control (condition only'?)
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g. Energy optimization monitoring

h. Energy optimization mismatch assessment

i. Energy optimization consideration/action

j. Aerodynamic performance measurement

k. Aerodynamic performance assessment

1. Aerodynamic performance correction

m. Aircraft subsystems monitor (hydraulic,

NAVWEPS, fuel, etc.)

n. Aircraft subsystems assessment

0. Aircraft subsystems control/correction

p. Coordination

(1) control signal monitor

(2) control signal assessment

(3) control sign~l acceptance/rejection

(4) communications monitor

(5) communications assessment

(6) communications control

q. Traffic detection

r. Traffic location

s. Traffic relative location assessment

t. Traffic hazard assessment

u. Traffic hazard avoidance/adjustment

v. Environmental hazard detection

w. Environmental hazard assessment

x. Environmental hazard avoidance

y. Route selection

z. Route deviation assessment
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aa. Route deviation correction

bb. Threat detection

cc. Threat location

dd. Threat evaluation

ee. Threat counter

ff. Threat countermeasure system monitoring

gg. Threat countermeasure system selection

hh. Threat countermeasure system employment

ii. Possible target detection

jj. Possible target location

kk. Target classification

11. Target selection (prioritization?) from

clutter background

n.,. Target designation tc weapon system

nn. Weapons readiness monitoring

oo. Weapon readiness control

pp. System readiness monitoring

qq. System readiness control

rr. Weapon launch position/time selection

ss. Weapon launch pusition/time deviation

assessment

tt. Weapon launch position/time deviation

correction

uu. Weapon selection

vv. Total weapon system readiness
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ww. Weapon launch

xx. Weapon post-launch control

yy. Data storage

(1) of damage assessment information

(2) of threat information

(3) of target information

(4) of fault isolation information

(5) of aircraft safety parameters

(6) of final weapon delivery parameters

zz." Data retrieval

(1) of damage assessment information

(2) of threat information

(3) of target information

(4) of fault isolation information

(5) of aircraft safety parameters

(6) of final weapon delivery parameters

2. Under abnormal conditions:

a. Aircraft damage/malfunction detection

b. Aircraft damage/malfunction assessment

V. Aircraft damage,'malfunction correction

d. Survival/escape system monitoring

e. Survival/escape system readying

f. Survival/escape system actuation

g. Aircraft abnormal flight assessment/

correction
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From the actions list is derived a list of:

3. Normal information categories

a. Aircraft configuration

b. Engine

c. Aircraft attitude

d. Aerodynamic performance

e. Aircraft maneuver energy

f. Aircraft limitations

g. Aircraft subsystems

h. Control signal (from external sources)

i. Communications (internal and external)

j. Traffic

k. Environmental hazard

1. Route

m. Threat

n. Threat countermeasures

o. Target

p. Weapon

q. Fire control

r.Weapon control

s. Data storage

t. Data retriev~l

4. Abnormal information categories

a. Damage/malfunction

b. Survival/escape

c. Abnormal flight
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Wicn is broxen aown into

C.- General modes of information:

1. Detection

2. Assessment

3. Reaction/interaction

D. The information is derived in levels concerning:

1. the external world

2. aircraft performance relative to the external

world

3. internal operation of the aircraft and its

subsystems
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II.Mission Phases and Associated Information for Display

Categories

A. Pre-f light (not analyzed here)

B. Takeoff (not analyzed here)

C. Climb (not analyzed here)

D. ARTC (not analyzed here)

E. Navigation to target area, high altitude (i.e.,

above ground interference)

1. Phase required/desired information

a. Configuration

b. Engine

c. Damage/malfunction

d. Aircraft limitations

e. Aircraft cruise energy

f. Aerodynamic performance

g. Aircraft attitude control

h. Environmental hazard

i. Communications

j. Traffic

k. Route/time

1. Subsystems

m. Survival/escape

n. Weapon

o. Data storage
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2. Phasp requiredi'desired action displays -- phase

timing; priorities: [Survival, Safety, Mission

Essential, Mission Enhancing]

a. Configuration - Safety

(1) monitor - until satisfactory

(a) channel - redundant tactile/visual

(b) format - redundant parametric/ r3~h.c

(symbolic)

(c) location - HD on subsystem display

(fwd)

(d) method - direct view

(2) assessment - until matched -- all cate-

gories the same as monitor

(3) correction - by completion of display

time

(a) channel - as for monitor

(b) format - as for monitor plus blink(?)

(c) location - as for monitor

(d) method - as for monitor

(4) malfunction - au'otrigger monitor until

corrected or overridden

(a) channel - as for monitor

(b) format - as for monito:-; blink

(c) location - as for monitor plus HUD

plus EMERG

(d) method - as for monitor



b. Engine Performance - Mission Essential

(1) monitor - on call until deselected

(a) channel - visual

(b) format - parametric digit/tape

(c) location - HD subsystem display (fwd)

(d) method - direct view

(2) assessment - coincident with monitor --

all categories the same as monitor

(3) correction - inherent in monitor -- NA

c. Aerodynamic Performance - Safety

(1) monitor - continuous for all but angle

of attack; angle of attack -- when selected

until deselected + autotriggered near pre-

selected limit.

(a) channel

i. air speed, altitude, G, vertical

velocity - visual

ii. angle of attack - visual (select-

able) plus audio (near limit)

(b) format

i. parametric linear, symbolic

ii. symbolic plus sianal frequency

(c) location - selectable to HUD, HD fwd

(d) method - HUD projection, direct
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(2) assessment- continuous/inherent in

monitor

(a) channel visual plus audio

(b) format

i. symbolic coincidence

ii. binary (off/on) audio

(c) location - same as for monitor

(d) method - same as for monitor

(3) correction - inherent in monitor -- NA

d. Route space/time (Mission Essential)

(1) monitor - continuous until deselected

(a) channel - visual

(b) format - graphic/map -- horizontal

-+(?) vertical fwd skeletonized

(c) location - HD central panel, HUD

for time, V, hdg

(d) method - holographic for map, HUD

projector

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - qualitative for velocity

- rate stoppage

- parametric for time/dis/

hdg error

- symbolic for position dif-

ference (could do it all)
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(c) location - as for monitor + vertical(?)

HUD for parametrics, V rate stoppage,

symbolic hdg

(d) method - holographic panel

(3) correction - coincident with assessment

all categories same as for assessment

e. Environmental Hazard (e.g., Visibility, Hail,

Icing, Turbulence) - Safety

(1) monitor - on call by category until

deselected; selectably coincident with

route monitor until deselected

(a) channel - visual

(b) format - symbolic and pictorial/

(terrain)

(c) location - HD central panel horizontal

(d) method - virtual

(2) assessment - durina external control

(a) channel - as for monitor

(b) format - HUE

(c) location - as for monitor plus

vertical

(d) method - as for monitor

(3) avoidance - inherent in/or coincident

with monitor

(a) - (d) -- NA
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f. Aircraft Limitations Criteria - Safety

(1) monitor - on call or autotrigger by

preselected criteria; until deselected

(a) channel - visual

(b) format - graphic symbolic + ai'ha

numeric; blink if autotrigqered

(c) location - HD forward if selected;

HUD if autotriggered

(d) method - direct view or projected

(2) assessment - coincident with monitor

(a) channel - visual

(b) format - graphic matching

(c) location - as for monitor

(d) method - as for monitor

(3) avoidance - same as for assessment

g. Cruise Energy Status - Mission Enhancing

(1) monitor - on call or autotriggered by

preselected criteria; until deselected
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(a) channel - visual

(b) format - parametric

(c) location - RiD fwd

(d) method - direct

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - par;Ametric comparison of

desired and existing performance

and results

(c) location - as for monitor

(d) as for monitor

(3) optimization/correction - coinci.dent

with assessment

(a) - (d) as for assessment

h. Aircraft Attitude Control - Aircraft Survival

(1) monitor - continuous

(a) channel -visual

(b) format -graphic symbolic + parametric

(c) location - HUD, HiD vertical

(d) method - projected, direct

(2) assessment - during external control
(a) channel -as for monitor

(b) format - as for monitor

(c) location - as for monitor

(d) method - as for monitor

(3) correction - inherent in monitor
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i.Traffic - Safety, Mission Enhancement

(1) detection - automatic continuous when

within safety criteria;

- until deselected for preselected

criteria

- inherent with avoidance -- on call,

coincident with route monitor

(a) channel -visual

(b) format -binary, blink + graphic

symbolic

(2) location - on call coincident wi'Ih route

monitor

(a) channel -as for detection

(b) format -binary (direction indicator)

+ graphic symbolic

(c) location -. as for monitor

(d) method - as for monitor

(3) hazard assessment - autuniatic continuous

within safety criteria until criteria

invalid

(a) format - graphic symbolic

(b) correction - NA

(4) avoidance - automatic continuous within

safety criteria until criteria invalid
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(a) channel - as for monitor

(b) format - same as for monitor in

general, but distinguishable (color/

size)

(c) location - as for monitor

(d) method - as for monitor

j. Survival/Escape - Safety

(1) monitor - on call until deselected; auto-

triggered by safety and survival priority

(a) channel - visual

(b) format - binary (goes to graphic

symbolic)

(c) location - HUD + HD vertical

(d) method - projected + direct

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - graphic symbolic/binary

rate stoppage (matching)/size

(qualitative)

(c) location - HUD, HD horizontal

(d) method - as for monitor

(3) correction - NA

k. Subsystems - Aircraft Survival (Attitude

Control and Power Systems)
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(1) monitor

(a) channel - visual

(b) format - parametric linear

(c) location - HD fwd, subsystem display

area

(d) method - direct

(2) assessment - as for monitor

(3) correction - NA

(4) malfunction

(a) channel.- visual

(b) format - binary blink + binary

(display) alpha

(c) location - EMERG + HD fwd subsystem

display area + HD horizontal preempt

by alpha

(d) method - direct

(5) aircraft attitude control

(a) malfunction - trigger display of

malfunction and monitor until

correction

(b) assessment - inherent in display

(c) correction - by deactivation of

display

(6) electric/hydraulic/pneumatic power system
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(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) correction - coincident w/malfunction

(d) malfunction - trigger display and

trigger monitor; trigger correction

until deselected or corrected

1. Subsystems - Safety

(1) monitor (for those with degree-of-operation

differentiation - those that fail/operate

are not monitored)

(a) channel - visual

(b) format - alpha

(c) location - subsyztems panel, HD fwd

(d) method - direct

(2) assessment (for. those that monitor)

(a) channel - as for monitor

(b) format - parametric linear + graphic

symbolic alongside

(c) location - as for monitor

(d) method - as for monitor

(3) correction - (for those that monitor) -- NA

(4) malfunction (autotriggers monitor)

(a) channel - as for monitor

(b) format - binary blink + binary alpha

display
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(c) location - EMERG + HD fwd subsystems

display area + direct display hori-

zontal preempts by alpha, + HUD

(d) method - direct, projection

(5) aircraft limitations criteria detection/

display - autotriggered until deselected

(6) damage/malfunction indicator syste:.

(a) triggered, on call - until deselected

(7) engine system condition

(a) monitor - continuous until deselected;

coincident w/performance correction

(b) assessment - coincident with monitor

(c) correction - coincident w/perfornance

and correction

(B) fuel system

(a) monitor - on call until deselected

and autotriggered by preselected

criteria

(b) assessment - coincident w/monitor

(c) correction - coincident w/monitor

(d) malfunction/criticality - autotrigger;

coincident autotrigger of monitor

assessment and correction unless

overridden
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(9) cruise energy display

(a) malfunction - autotriggered until

deselected

(10) internal environment system

(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) malfunction/criticality - autotrigger;

coincident autotrigger of monitor and

assessment until overridden

(11) traffic hazard system

(a) malfunction - autotrigger until

deselected

(12) survival/escape system

(a) malfunction - autotrigger

(13) environmental hazard countermeasure

system (anti-ice)

(a) malfunction - on call until deselected

m. Subsystems - Mission Essential

(1) monitor

(a) channei - visual (tactile-lighting)

(b) format

i. comm - parametric digital

ii. navigation - parametric alpha-

numeric
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iii. carriage/release - binary,

color, alpha

iv. weapon - binary, color, alpha

v. targeting - alpha

vi. threat - alpha

vii. lighting - position

(c) location

i. comm/navigation - HU console

or lower panel

ii. carriage/release - HU

iii. weapon - HU

iv. targeting - HUD, horizontal,

vertical fwd display areas

v. threat - subsystems panel,

console, panel

vi. lighting - on control

(d) method - direct

(2) assessment - not required (inherent in

monitor)

(a) channel - a6 for monitor

(b) format

i. comm - NR

ii. navigation-NR

iii. weapon - binary, color

iv. targeting - NR
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v. threat - NR

vi. lighting - NR

(c) location - as for monitor

(d) method - direct

(3) correction - inherent -- NR

(4) malfunction

(a) channel - visual

(b) format - binary blink + binary alpha

(c) location - EMERG + HD fwd subsystem

display area + HUD

(d) method - direct + HUD projected

(5) communLcations system

(a) monitor - continuous

(b) assessmeznt - inherent in r-onitor

(c) correction - inherent in monitor

(6) navigation system

(a) monitor - on call until Jeselected

(b) assessment - inherent in monitor

(c) correction - until corrected

(d) malfunction - autotriggered

(7) carriage/release system

(a) monitor - continuous

(b) malfunction - autotriggered

(8) weapon

(a) monitor - continuous
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(b) assessment - coincident with monitor

(c) correction - coincident with monitor

until corrected

(9) targeting system

(a) monitor - contiruous (?)

(b) malfunction - autotrigger and on

call (BIT) until deselected

(10) threat analysis system

(a) monitor - on call until deselected

(b) malfunction - autotriggered

(11) lighting system

(a) monitor - not required

(b) assessme-nt - not required

(c) correction - not required

(12) maneuver energy optimization

(a) monitor - not rezuired

(b) malfunction - autotriggered

n. Subsystems - Mission Enhancement

(1) For all except Data Storage

(a) malfunction

i. channel - visual

ii. format - binary blink plus

binary alpha

iii. location - EMERG + HUD +

subsystems panel HD fwd

iv. method - direct
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(b) correction

i - iv - as for malfunction

(2) External environment sensor system -

autotrigger

(3) Control signal acceptance system -

autotriggered

(4) Aerodynamic parameter monitor system -

(a) malfunction - autotrigger

(b) correction - state shown after

deselection/malfunction

(5) Threat countermeasures - autotriggered

(6) Security - autotrigger

(7) Data Storage

(a) monitor - when selected until

deselected

i. channel - visual

ii. format - binary alpha

iii. location - subsystem panel

HD fwd

iv. method - direct

(b) assessment/malfunction - on call

until deselected

F. Phase: Targe/Threat Area, High Altitude

1. Required/Desired Information
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a. Phase Required/Desired Information

(1) Configuration

(2) Engine

(3) Damage/malfunction

(4) Aircraft Limitation

(5) Aircraft Cruise Energy

(6) Aerodynamic Performance

(7) Aircraft Attituie Control

(8) Environmental Hazard

(9) Communications

(10) Traffic

(11) Route/Time

(12) Subsystems

(13) Survival/Escape

(14) Weapon

(15) Data Storage

(16) Control SiaL.al

(17) Threat

(18) Aircraft Maneuver Enegy

(19) Target

2. Phase Required/Desired Action Displays

a. Configuration - Safety

(1) monitor - until satisfactory

(a) channel - redundant tactile/visual



(b) format -redundant parametric/graphic

(symbolic)

(c) location - HD on subsystem display

(fwd)

(d) method - direct view

(2) assessment - until matched -- all categories

the same as monitor

(3) correction - by completion of display

time

(a) channel - as for monitor

(b) format - as for monitor plus blink(?)

(c) location - as for monitor

(d) method -as for monitor

(4) malfunction -aututrigger monitor until

corrected or overridden

(a) channel -as for monitor

(b) format -as for monitor; blink

(c) location - as for monitor plus HUD

plus EMERG

(d) method - as for monitor

b. Engine Performance - Mission Essential

(1) monitor - on call until deselected

(a) channel -visual

(b) format -parametric digit/tape



(c) location - HD subsystem display Cfwd)

(d) method - direct view

(2) assessment - coincident with monitor -

all categories the same as monitor

(3) correction - inherent in monitor -- NA

C. Aerodynamic Performance - Safety

(1) monitor - continuous for all but angle

of attack; angle of attack -- when

selected until deselected +- autotriagered

near preselected limit.

(a) channel

i. air speed, altitude, G, vertical

velocity - visual

ii. angle of attack - visual (select-

able),plus audio (near limit)

(b) format

i. parametric linear, symbolic

ii. symbolic plus signal frequency

(c) location - selectable to HUD, HD fwd

(d) method - HUD projection, direct

(2) assessment - continuous/inherent in

monitor

(a) channel - visual plus audio

(b) format
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1. symbolic coincidence

ii. binary (off/on) audio

(c) location - same as for monitor

(d) method - same as for monitor

(3) correction - inherent in monitor -- NA

d. Route Space/Time (Mission Essential)

(1) monitor - continuous until deselected

(a) channel visual

(b) format - graphic/map -- horizontal

+(?) vertical fwd skeletonized

(c) location - HD central panel, HUD

for time, V, hdg

(d) method - holographic for map, HUD

projector

(2) assessment - coindident with monitor

(a) channel - as for monitor

(b) format - qualitative for velocity

- rate stoppage

- parametric for time/dis/

hdg error

- symbolic for position dif-

ference (could do it all)

(c) location - as for monitor + vertical(?)

HUD for parametrics, V rate stoppage,

symbolic hdg



(d) method - holographic panel

(3) correction - coincident with assessmnt

all categories same as for assessment

e. Environmental Hazard (e.g., Visibility, Hail,

Icing, Turbulence) - Safety

(1) monitor - on call by category until

deselected; seletably coincident with

route monitor until deselected

(a) channel - visual

(b) format - symbolic and pictorial/

(terrain)

(c) location - HD central panel horizontal

(d) method - virtual

(2) assessment - during external control

(a) channel - as for monitor

(b) format - HUE

(c) location - as for monitor plus

vertical

(d) method - as for monitor

(3) avoidance - inherent in/or coincident

with monitor

(a) - (d) -- NA

f. Aircraft Limitations Criteria - Safety

(1) monitor - on call or autotrigger by

preselected criteria; until deselected
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(a) channel - visual

(b) format - graphic symbolic + alpha

numeric; blink if autotriggered

(c) location - HD forward if selected;

HUD if autotriggered

(d) method - direct view or projected

(2) assessment - coincident with monitor

(a) channel - visual

(b) format - graphic matching

(c) location - as for monitor

(d) method - as for monitor

(3) avoidance - same as for assessment

g. Cruise Energy Status - Mission Enhancing

(1) monitor - cn call or autotriggered -y

preselected criteria; until deslected

(a) channel - visual

(b) format - parametric

(c) location - HD fwd

(d) method - direct

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - parametric comparison of

desired and existing performance

and results

A5



(c) location -as for monitor

(d) as for monitor

(3) optimization/correction - coincident

with assessment

(a) - (d) as for assessment

h. Aircraft Attitude Control - Aircraft Survival

(1) monitor - continuous

(a) channel -visual

(b) format -graphic symbolic + parametric

(c) location.- HUD, HD vertical

(d) method - projected, direct

(2) assessment - during external control

(a) - (d) as for monitor

(3) correction - as for moniLtor

i.Traffic - Safety, Mission Enhancement

(1) detection - automatic continuous when

within safety criteria;

- until deselected for preselected

criteria

- inherent with avoidance -- on call,

coincident with route monitor

(a) channel - visual

(b) format - binary, blink + graphic

symbolic
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(2) location - on call coincident with route

monitor

(a) channel -as for detection

(b) format -binary (direction indicator)

+ graphic symbolic

(c) location - as for monitor

(d) method - as for monitor

(3) hazard assessment - automatic continuous

within safety criteria until criteria

invalid

(a) format - graphic symbolic

(b) correction - NA

(4) avoidance - automatic continuous within

safety crit~ria until criteria invalid--

(a) channel -as for monitor

(b) format -same as for monitor in

general, but distinguishable (color!

size)

(c) location - as for monitor

(d) method -as iLor monitor

).Survival/Escape -Safety

(1) monitor - on call until deselected; auto-

triggered by safety and survival priority

(a) channel -visual

(b) format -binary (goes to graphic

symbolic)
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(c) location - HUD + HD vertical

(d) method - projected + direct

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - graphic symbolic/binary

rate stoppage (matching)/size

(qualitative)

(c) location - HUD, HD horizontal,

(d) method - as for monitor

(3) correction - NA

k. Maneuver Energy - Mission Enhancing

(1) monitor - on call until deselected

(a) channel - visual

(b) format - qualitative graphic

(c) location - HUD

(d) method - projection

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - coincidence/difference of

graphics

(c) location - as for monitor

(d) method - as for monitor

(3) optimization - coincident with monitor

(a) - (d) as for assiessment 1
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External Control - Mission Enhancement

(1) monitor - on call during control until

deselected

i. channel - visual

ii. format parametric, dial(Cn ) +

linear(V); graphic symbolic (Cn +El)

iii. location - HUD, central panel hori-

zontal and vertical - route space/

time display

iv. method - projected (HUD) + direct

(2) assessment - by coincident display of

goal control path info

i. same as monitor

(3) malfunction ~ inharent in monitor

(see subsystem)

bv Threat - Aircraft Survival

(1) detection - autotriggered until criteria

invalid or overridden

i. channel - redundant audio + visual

ii. format - color + relief) symbolic,

audio s.gnal frequency

iii. location - HUD, HD vertical and

horizontal

iv. method - direct + indirect projection
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(2) location - autotriggered coincident

with detection, coincident with route

display

i. - iv. same as for detection

(3) evaluation/avoidance - autotriggered

until overridden

i. channel - visual

ii. format - color + binary (flash)

+ graphic

iii. location - same as "detection"

iv. method - indirect + holographic
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n. Threat Countermeasures - Mission Enhancing

(1) monitor

i. channel - visual

ii. format - alpha binary + color

iii. location - HD subsystem panel

iv. method- direct

(2) CM system selection - same as monItor plus

ii. format - same

iii. location - HU + HD subsystem panel

iv. method - projection plus direct

(3) CM system employment - same as monitor plus

ii. format - alpha binary + blink color
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o. Target - Mission Essential

(1) possible target detection - continuous

with route

(a) channel - visual

(b) format - color + symbolic

(c) location - HUD + HD horizontal

+ vertical(?)

(d) method - holographic + indirect

(2) possible target lc.ation - continuous

when derived, coincident with route

(a) - (d) same as for detection

(3) target ID - when derived until over-

ridden, coincident with location

(a) channel - visual

(b) format - co.or, symbolic heightened

relief

(c) location - same as detection

(d) method - same as detection

p. Threat Countermeasures - Mission Enhancing

(1) monitor

(a) channel - visual

(b) format - alpha binary 4- color

(c) location - HD subsystem panel

(d) Trethod - direct
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(2) CM system selection - same as monitor plus

(a) channel - visual

(b) format - same

(c) location - HU +HD subsystem panel

(d) method - projection plus direct

(3) CM system employment - same as monitor plus

(a) channel - visual

(b) format - alpha binary + blink - color

q. Subsystems - Aircraft Survival (Attitude

Control and Power Systems)

(1) monitor

(a) channel - visual

(b) format - parametric linear

(c) location - HD fwd, subsystem display

area

(d) method - direct

(2) assessment - as for monitor

(3) correction - NA

(4) malfunction

(a) channel - visual

(b) format - binary blink + binary

(display) alpha

(c) location - EMERG HD fwd subsystem

display area + HD horizontal preempt

by alpha
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(d) method- direct

(5) aircraft attitude control

(a) malfunction - trigger display of

malfunction and monitor until cor-

rection

(b) assessment - inherent in display

(c) correction - by deactivation of

display

(6) electric/hydraulic/cneunatic power system

(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) correction - coincident w/malfunction

(d) malfuncti-7 - tric ;er display and

trigger monitor; trigger correction

until deselected or corrected

r. Subsystems - Safety

(1) monitor (for those with degree-cf-oseration

differentiation - those that failj...rate

are not monitored)

(a) channel - visual

(b) format - alpha

(c) location - subsystems panel, HD f:wd

(d) method - direct

(2) assessment (for those that monitor)

(a) channel - as for monitor
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(b) format - parametric linear + graphic

symboli.c alongside

(c) location - as for monitor

(d) method - as for monitor

(3) correction - (for those that monitor) -- NA

(4) malfunction (autotriggers monitor)

(a) channel - as for monitor

(b) format - binary blink + binary alpha

display

(c) location - EMERG + HD fwd subsystems

display area + direct display hori-

zontal preempts by alpha + HUD

(d) method - direct projection
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(5) aircraft limitations criteria detection/

display - auotriggered until deselected

(6) damage/malfunction indicator system

(a) triggered, on call - until deselected

(7) engine system condition

(a) monitor - continuous until deselected;

coincident w/performance correction

(b) assessment - coincident with monitor

(c) correction - coincident w/performance

and correction

(8) fuel system

(a) monitor - on call until deselected

and autotriggered by preselected

criteria

(b) assessment -coincident w/monitor

(c) correction - coincident w/monitor

(d) malfunction/criticality - autotrigger;

coincident autotrigger or monitor

assessment and correction unless

overridden

(9) cruise energy display

(a) malfunction - autotriggered until

deselected
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(10) internal environment system

(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) malfunction/criticality - autotrigger;

coincident autotrigger of monitor and

assessment until overridden

(11) traffic hazard system

(a) malfunction - autotrigger until

deselected

(12) survival/escape system

(a) malfunction - autotrigger

(13) environmental hazard countermeasure

system (anti-ice)

(a) malfunction - on call until deselected

s. Subsystems - Mission Essential

(1) monitor

(a) channel - visual (tactile-lighti.g)

(b) format

i. comm - parametric digital

ii. navigation - parametric alpha-

numeric

iii. carriage/release - binary,

color, alpha

iv. weapon - binary, color, alpha
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V. targeting - alpha

vi. threat - alpha

vii. lighting - position

(c) location

i. comm/navigation - HU console

or lower panel

ii. carriage/release - HU

iii. weapon - HU

iv. targeting - HUD, horizontal,

vertical fwd display areas

v. threat - subsystems panel,

console, panel

vi. lighting - on control

(2) assessment - not required (inherent in

monitor)

(a) channel - as for monitor

(b) format

i. comm - NR

ii. navigation - NR

iii. weapon - binary, color

iv. targeting - NR

v. threat - NR

vi. lighting - NR

(c) location - as for monitor

(d) method - direct
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(3) correction - inherent -- NR

(4) malfunction

(a) channel - visual

(b) format - binary blink + binary alpha

(c) location - EMERG + HD fwd subsystem

display.area + HUD

(d) method - direct + HUD projected

(5) communications system

(a) monitor - continuous

(b) assessment - inherent in monitor

(c) correction - inherent in monitor

(6) navigation system

(a) monitor - on call until deselected

(b) assessment - inherent in monitor

(c) correction - until corrected

(d) malfunction - autotriggered

(7) carriage/release system

(a) monitor - continuous

(b) malfunction - autotriggered

(8) weapon

(a) monitor.- continuous

(b) assessment - coincident with monitor

(c) correction - coincident with monitor

until corrected
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(9) targeting system

(a) monitor - continuous (M)

(b) malfunction - autotrigger and sn

call (BIT) until deselected

(10) threat analysis system

(a) monitor - on call until deselz::ed

(b) malfunction - autotriggered

(11) lighting system

(a) monitor - not required

(b) assessment - not required

(c) correction - not required

(12) maneuver energy optimization

(a) monitor - not required

(b) malfunction - autotriggered

t. Subsystems - Mission Enhancement

(1) For all except Data Storage

(a) malfunction

i. channel - visual

ii. format - binary blink plus

binary alpha

iii. location - EMERG + HUD +

subsystems panel HD fwd

iv. method - direct

(b) correction

i - iv - as for malfunction
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(2) external environment sensor system -

autotrigger

(3) control signal acceptance system -

autotriggered

(4) aerodynamic parameter monitor system -

-(a) malfunction - autotrigger

(b) correction - state shown after

deselection/malfunction

(5) threat countermeasures - autotriggered

(6) security.- autotrigger

(7) data storage

(a) monitor/operation (storage)-

on call until deselected; by

type of information; during

storage

i. channel - visual

ii. format - binary alpha

iii. location - subsystem panel

HD fwd

iv. method - direct

(b) malfunction - autotriggered

i. - iv. same as for monitor/

operation

(c) retrieval - on call for selectable

threat and target information

i. - iv. same as for monitor/operati r
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G. Phase: Target/Threat Area, Low Altitude

1. Required/Desired Information

a. Phase required/desired information

(1) Configuration

(2) Engine

(3) Damage/malfunction

(4) Aircraft limitations

(5) Aircraft cruise energy

(6) Aerodynamic performance

(7) Aircraft attitude control

(8) Environmental hazard

(9) Communications traffic

(10) Traffict(11) Route/time

(12) Subsystems

(13) Survival/escape

(14) Weapon

(15) Data storage

(16) Control signal

(17) Threat

(18) Aircraft maneuver energy

(19) Target

(20) Environmental hazard (geographic)

2. Phase required/desired action displays
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a. Configuration - Safety

(1) monitor - until satisfactory

(a) channel - redundant tactile/visual

(b) format - redundant parametric/graphic

(symbolic)

(c) location - HD on subsystem display (fwd)

(d) method - direct view

(2) assessment - until.matched -- all categories

the same as monitor

(3) correction - by completion of display time

(a) channel - as for monitor

(b) format - as for monitor plus blink (?)

(c) location - as for monitor

(d) method - as for monitor

14) malfunction - autotrigger monitor until

corrected or overridden

(a) channel - as for monitor

(b) format - as for monitor; blink

(c) location - as for monitor plus HUD

plus EMFRG

(d) method - as for monitor

b. Engine Performance - Mission Essential

(1) monitor - on call until deselected

(a) channel - visual

(b) format - parametric digit/tape
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(c) location - HD subsystem display (fwd)

(d) method - direct view

(2) assessment - coincident with monitor -

all categories the same as monitor

(3) correction - inherent in monitor -- NA

c. Aerodynamic Performance - Safety

(1) monitor - continuous for all but angle

of attack; angle of attack -- when

selected until deselected + autotriggered

near preselected limit.

(a) channel'

i. air speed, altitude, G, vertical

velocity - visualtii. angle of attack - visual (select-

able) plus audio (near limit)

(b) format

i. parametric linear, symbolic

ii. symbolic plus signal frequency

(c) location - selectable to HUD, HD fwd

(d) method -HUD projection, direct

(2) assessment - continuous/inherent in

monitor

(a) channel -visual plus audio

(b) format
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i. symbolic coincidence

ii. binary (off/on) audio

(c) location - same as for monitor

(d) method - same as for monitor

(3) correction - inherent in monitor -- NA

d. Route Space/Time (Mission Essential)

(1) monitor - continuous until deselected

(a) channel - visual

(b) format - graphic/map -- horizontal

+(?) vertical fwd skeletonized

(c) location - HD central panel, HUD

for time, V, hdg

;d) method - holographic for map, HUD

project Dr

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - qualitative for velocity

- rate stoppage

- parametric for time/dis/

hdg error

symbolic for position dif-

ference (could do it all)

(c) location - as for monitor + vertical(?'

HUD for parametrics, V rate stoppage,

symbolic hdg
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(d) method - holographic panel

(3) correction - coincident with assessment

all categories same as for assessment

e. Environmental Hazard (e.g., Visibility, Hail,

Icing, Turbulence) - Safety

(1) monitor - on call by category until

deselected; selectably coincident with

route monitor until deselected

(a) channel - visual

(b) format - symbolic and pictorial/

(terrain)

(c) location - HD central panel horizontal

(d) method - virtual

(2) assessment - during external control

(a) channel - as .for monitor

(b) format - HUE

(c) locatior - as for monitor plus

vertical

(d) method - as for monitor

(3) avoidance - inherent in/or coincident

with monitor

(a) - (d) -- NA

f. Aircraft Limitations Criteria - Safety

(1) monitor - on call or autotrigger by

preselected criteria; until deselected
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(a) channel - visual

(b) format - graphic symbolic + alpha

numeric; blink if autotriggered

(c) location - HD forward if selected;

HUD if autotriggered

(d) method - direct view or projected

(2) assessment - coincident with monitor

(a) channel - visual

(b) format - graphic matching

(c) location - as for monitor

(d) method - as for monitor

(3) avoidance - same as for assessment

g. Cruise Energy Status - Mission Enhancing

(1) monitor - cn call or autotriggered by

preselected criteria; until deselecte:

(a) channel - visual

(b) format - parametric

(c) location - HD fwd

(d) method - direct

(2) assessment - coincident with monitoz

(a) channel - as for monitor

(b) format - parametric comparison of

desired and existing performance

and results
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(c) location -as for monitor

(d) as f or monitor

(3) optimization/correction - coincident

with assessment

(a) - (d) as for assessment

h. Aircraft Attitude Control - Aircraft Survival

(1) monitor - continuous

(a) channel - visual

(b) format - graphic symbolic + parametric

(c) location - HUD, HD vertical

(d) method - projected, direct

(2) assessment - during external control

t (a) - (d) as for monitor

(3) correction - inherent in monitor

i. Traffic - (including bnemy, sensor permitting)

Safety/Mission Enhancing

(1) detection - automatic continuous when

within safety criteria;

-until deselected for preselected

criteria

-inherent with avoidance -- on call,

coincident with route monitor

(a) channel - visual

(b) format - binary, blink plus graphic

symbolic plus hue (for friend/foe)
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(i) External Control - Mission Enhancement

(1) monitor - on call during control unt2.

deselected

i. channel - visual

ii. format - parametric, dial(Cr) +

linear(V); graphic sy.bolic (Cn

iii. location - HUD, central panel h:::-

zontal and vertical - rute -

time display

iv. method - projected (HUD) - d-- rec-:

(2) assessment - by coincident i-s:lav c:-

goal control path info

i. same as monitor

(3) malfunction - inherent in .-cn-:or

t (see subsystem)

(j) Threat - Aircraft Survival

(1) detection - autotriggered until c

invalid or overridden

i. channel - redundant audio + vis,.a".

ii. format - color + relief symboliT

audio signal frequency

iii. location - HUD, HD vertical and

horizontal

iv. method - direct + indirect projezt-in
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(2) location - autotriggered coincident

with detection, coincident with route

display

i. - iv. same as for detection

(3) evaluation/avoidance - autotriggered

until overridden

i. channel - visual

ii. format - color + binary (flash)

+ graphic range effectiveness

iii. location - same as "detection"

iv. method - indirect + holographic
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(m) Threat Countermeasures - Mission Enhancing

(1) monitor

i. channel - visual

ii. format - alpha binary + color

iii. locaticn - HD subsystem panel

iv. method.- direct

(2) CM system selection - same as nonitor z!,s

ii. format - sar~e

iii. location - HU + HD subsyste:z, =anel

iv. method - projecticn plus ,iz-

(3) CM system employment - same as -oni-or zus

ii. format - alpha binary bl-n'< - cclor
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graphic?)

(2) location - on call coincident with route

monitor

(a) channel - as for detection

(b) format - binary (direction indicatcri

plus graphic symbolic

(c) location - as for monitor

(d) method - as for monitor

(3) hazard assessment - automatic continuc;s

within safety criteria until criteria

invalid

(a) format - graphic symbolic

(b) correction - NA

(4) avoidance - automatic continuous within

safety criteria until criteria invali:

(a) channel - as for monitor

(b) format - same as for monitor in

general, but distinguishable (colcr'

size)

(c) location - as for monitor

(d) method - as for monitor
j. Survival/Escape - Safety

(1) monitor - on call until deselected;

autotriggered by safety and survival

priority subsystem criteria

(a) channel - visual

(b) format - binary (goes to graphic

symbolic)
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(c) location - HUD + HD vertical

(d) method - projected plus direct

(2) assessment - coincident with monitor

(a) channel -as for monitor

(b) format -graphic symbolic/binary

plus rate stoppage (matching)/size

(qualitative)

(c) location - HUD + HD vertical

(d) method - as for monitor

(3) correction - NA

k. Maneuver Energy - Mission Enhancing

(1) monitor - on call until deselect.id

(a) channel - visual

(b) format - qualitative graphic

f (c) location - HUD

Wd method - projection

(2) assessment - coincident with monitor

(a) channel -as for monitor

(b) format - coincidence/difference of

graphics

(c) location - aR for monitor

Wd method - as for monitor

(3) optimization - coincident with monitor

(a) - (d) as for assessment
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1.* Target - Mission Essential

(1) possible target detection - continuous

with route

(a) channel -visual

(b) format -color + symbolic

(c) location - HUD + HD horizontal

+ vertical(?)
(d) method - holographic + indirect

(2) Possible target location - continuous

when derived, coincident with route

(a) - (d) same as for detection

(3) target ID - when derived until over-

ridden, coincident with location

(a) channel -visual

(b) format -color, symbolic heightened

relief

(c) location -same as detection

(d) method -same as detection
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M. Threat Countermeasures - Mission Enhancing

()monitor

(a) channel - visual

(b) format - alpha binary + color

(c) location - HD subsystem panel

(d) method -direct

(2) CM system selection - same as monitor plus

(a) channel - visual

(b) format - same

(c) location - HU + HD subsystem panel

(d) method -*projection plus direct

(3) CM system employment - same as monitor plus

(a) channel -visual

(b) format -alpha binary + blink + color
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n.Subsystems - Aircraft Survival (Attitude

Control and Power Systems)

(1) monitor

(a) channel -visual

(b) format -parametric linear

(c) location - HD fwd, subsystem display

are a

(d) method - direct

(2) assessment - as for monitor

(3) correction - NA

(4) malfunction

(a) channel -visual

(b) formt - binary blink + binary

(displa-') alpha

(c) location -EMERG + HD fwd subsystem

display area + HD horizontal preempt

by alpha

(d) method - direct

(5) aircraft attitude control

(a) malfunction - trigger display oZ

malfunction and monitor until

correction

(b) assessment - inherent in display

(c) correction - by deactivation of

display
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(6) electric/hydraulic/pneumatic pcwer system

(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) correction - coincident w/malfunction

(d) malfunction - trigger display and

trigger monitor; trigger correction

until deselected or corrected

o. Subsystems - Safety

(1) monitor (for those with degree-of-operaticn

differentiation - those that fail/operate

are not monitored)

(a) channel - visual

(b) format - alpha

(c) location - subsystems panel, HD fwd

(d) method - direct

(2) assessment (for those that monitor)

(a) channel - as for monitor

(b) format - parametric linear + graphic

symbolic alongside

(c) location - us for monitor

(d) method,- as for monitor

(3) correction - (for those that monitor) -- NA

(4) malfunction (autotriggers mcnitor)

(a) channel - as for monitor

(b) format - binary blink + binary alpha

display
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(c) location - EMERG + HD fwd subsys*:s.s

display area + direct display hc--

zontal preempts by alpha + HUD

(d) method - direct plus projection

(5) aircraft limitations criteria detect::n/'

display - autotriggered until desele::e£

(6) damage/malfunction indicator system

(a) triggered, on call - until desel=e::z

(7) engine system condition

(a) monitor - continuous until dsele-- ;

coincident w/performance correct::-.

(b) assessment - coincident with mon:..:r

(c) correction - coincident w/perfor --ze

and correction
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(8) fuel system

(a) monitor - on call until deselected

and autotriggered by preselected

criteria

(b) assessment - coincident w/monitor

(c) correction - coincident w/monitor

(d) malfunction/criticality - autotricqer;

coincident autotrigger or mcnitor

assessment and correction unless

overridden

(9) cruise energy display

(a) malfunction - autotriggered until

deselected

(10) internal environment system

(a) monitor - continuous until deselec:=-'

(b) assessment - coincident w/monitor

(c) malfunction/zriticality - autotricze :

coincident autotrigger of monitor

assessment until overridden

(11) traffic hazard system

(a) malfunction - autotrigger until

deselected
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(12) survival/escape system

(a) malfunction - autotrigger

(13) environmental hazard countermeasure

system (anti-ice)

(a) malfunction - on call until deselezcd

p. Subsystems - Mission Essential

(1) monitor

(a) channel - visual (tactile-lighting

(b) format

i. comm - parametric digital

ii. navigation - parametric alpha-

numeric

iii. carriage/relcase - binary,

color, alpha

iv. weapon - binary, color, alpha

v. targeting - alpha

vi. threat - alpha

vii. lighting - position
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(c) location

i. comm/navigation - HU console

or lower panel

ii. carriage/release - HU

iii. weapon - HU

iv. targeting - HUD, horizontal,

vertical fwd display areas

v. threat - subsystems panel,

console, panel

vi. lighting - on control

(2)"*ssessment - not required (inherent in

monitor)

(a) channel - as fox monitor

(b) format

i. comm - .NR-

ii. navigation - NR

iii. weapon - binary, color

iv. targeting - NR

v. threat - NR

vi. lighting - NR
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(C) location - as for monitor

(d) method - direct

(3) correction - inherent -- NR

(4) malfunction

(a) channel - visual

(b) format - binary blink + binary alpha

(c) location - EMERG + HD fwd subsystem

display area + HUD

(d) method - direct + HUD projected

(5) communications system

(a) monitor - continuous

(b) assessment - inherent in monitor

(c) correction - inherent in monitor

(6) navigation system

(a) monitor - on Call until deselected

(b) assessment - inherent in monitor

(c) correction - until corrected

(d) malfunction - autotriggered

(7) carriage/release system

(a) monitor - continuous

(b) malfunction - autotriggered

(8) weapon

(a) monitor - continuous

(b) assessment - coincident with monitor

(c) correction - coincident with monitor

until corrected
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(2) external environment sensor system -

autotrigger

(3) control signal acceptance system -

autotriggered

(4) aerodynamic parameter monitor system -

(a) malfunction - autotrigger

(b) correction - state shown after

deselection/malfunction

(5) threat countermeasures - autotriggered

(6) security - autotrigger

(7) data storage

(a) monitor/operation (storage) -

on call until deselected; by

type of information; during

storage

i. channel - visual

ii. format - binary alpha

iii. location - subsystem panel

HD fwd

iv. method - direct

(b) malfunction - autotriggered

i. - iv. same as for monitor/

operation

(c) retrieval - on call for selectable

threat and target information

i. - iv. same as for monitor/operation
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(9) targeting system

(a) monitor - continuous (?)

(b) malfunction - autotrigger and on

call (BIT) until deselected

(10) threat analysis system

(a) monitor - on call until deselecte:

(b) malfunction - autotriggered

(11) lighting system

(a) monitor - not required

(b) assessment - not required

(c) correction - not required

(12) maneuver energy optimization

(a) monitor - not -equired

(b) malfunction - autotriggered

q. Subsystems - Mission Enhancement

(1) For all except Data Storage

(a) malfunction

i. channel - visual

ii. format - binary blink plus

binary alpha

iii. location - EMERG + HUD +

subsystems panel HD fwd

iv. method - direct

(b) correction I

i. - iv. as for malfunction
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H. Phase: Weapon Delivery Area

1. Phase Required/Desired Information

a. Phase required/desired information

(1) Configuration

(2) Engine

(3) Damage/malfunction

(4) Aerodynamic performance

(5) Aircraft attitude control

(6) Environmental hazard

(7) Communications traffic

(8) Communications

(9) Route

(10) Subsystems

(11) Survival/escape

(12) weapon

(13) Data storage

(14) Survival/escape

(15) Traffic

(16) Control si.gnal

(17) Threat

(18) Target

(19) Environmental hazard (geographic)

(20) Fire control

(21) Full target

(22) Weapon control

(23) Increased data storage
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2. Phase Required/Desired Action Displays -- Phase

Timing and Priorities

a. Configuration - Safety

(1) monitor - until satisfactory

(a) channel - redundant tactile/visual

(b) format - redundant parametric/graph.:

(symbolic)

(c) location - HD on s bsystem display

(fwd)

(d) method - direct view

(2) assessment - until matched -- all catez:ries

the same as monitor

(3) correction - by completion of display t;a

(a) channel - as for monitor

(b) format - as for monitor plus blink I>

(c) location - as for monitor

(d) method - as for monitor

(4) malfunction - autotrigger monitor until

corrected or overridden

(a) channel - as for monitor

(b) format - as for monitor; blink

(c) location - as for monitor plus HUD

plus EMERG

(d) method - as for monitor
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b. Engine Performance - Mission Essential

(1) monitor - on call until deselected

(a) channel - visual

(b) format - parametric digit/tape

(c) location - HD subsystem display (fwd)

(d) method - direct view

(2) assessment - coincident w.ith monitor -

all categories the same as monitor

(3) correction - inherent in monitor -- NA

c. Aerodynamic Performance - Safety

(1) monitor - continuous for all but angle

of attack; angle of attack -- when

selected until deselocted +~ autotriggered

near preselected limit.

(a) channel

i. air speed, altitude, G, vertical

velocity - visual

ii. angle of attack - visual (select-

able) plus audio (near limit)

(b) format

i. parametric linear, symbolic

ii. symbolic plus signal frequency

(c) location - selectable to HUD, HD fwd

()method - HUD projection, direct
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(2) assessment - continuous/inherent in

monitor

(a) channel - visual plus audio

(b) format

i. symbolic coincidence

ii. binary (off/on) audio

(c) location - same as for monitor

(d) method - same as for monitor

(3) correction - inherent in monitor -- NA

d. Route Space/Time (Mission Essential)

(1) monitor - continuous until deselected

(a) channel - visual

(b) format - graphic/map -- horizontal

+(?) vertical fwd skeletonized

(c) location - .HD central panel, HUD

for time, V, hdg

(d) method - holographic for map, HUD

projector

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - qualitative for velocity

- rate stoppage

- parametric for time/dis/

hdg error

- symbolic for position dif-

ference (could do it all)
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(c) location - as for monitor + vertica(?)

HUD for parametrics, V rate stoppa~e,

symbolic hdg

(d) method - holographic panel

(3) correction - coincident with assessmer.:

e. Environmental Hazard (e.g., Visibility, Ha.:,

Icing, Turbulence) - Safety

(1) monitor - on call by category until

deselected; selectably coincident with

route monitor until deselected

(a) channel - visual

(b) format - symbolic and pictorial/

(terrain)

(c) location - HD central panel horizcn:ai

(d) method - virtual

(2) assessment - during external ccntroi

(a) channel - as for monitor

(b) format - HUE

(c) location - as for monitor plus

vertical

(d) method - as for monitor

(3) avoidance - inherent in/or coincident

with monitor

(a) - (d) -- NA
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f. Aircraft Limitations Criteria - Safety

(1) monitor - on call or autotrigger by

preselected criteria; until deselected

(a) channel - visual

(b) format - graphic symbolic + alpha

numeric; blink if autotriggered

(c) location - HD forward if selected;

HUD if autotriggered

(d) method - direct view or projected

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - parametric comparison of

desired and existing performance

and results

(c) location - as for monitor

(d) as for monitor

(3) optimization/correction - coincident

with assessment

(a) - (d) as for assessment

h. Aircraft Attitude Control - Aircraft Survival

(1) monitor - continuous

(a) channel - visual

(b) format - graphic symbolic + parametric

(c) location - HUD, HD vertical

(d) method - projected, direct
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(2) assesp.ment - during external control

(a) - (d) as for monitor

(3) correction - inherent in monitor

1. Traffic - (including enemy, sensor permittin-)

Safety/Mission Enhancing

(1) detection - automatic continuous when

within safety criteria;

- until deselected for preselected

criteria

- inherent with avoidance -- on call,

coincident with route monitor

(a) channel - visual

(b) format - binary, blink plus graphic

symbolic plus hue (for friend/foe)

(c) location - HUD, HD horizontal, THR.-

(d) method - direct plus direct (holo-

graphic?)

(2) location - on call coincident .,"th rou:z

monitor

(a) channel- as for detection

(b) format - binary (directioni indicatc-:

plus graphic symbolic

(c) location - as for monitor

(d) method - as for monitor
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()hazard assessment - automatic continuous

within safety criteria until criteria

invalid

(a) format - graphic symbolic

(b) correction - NA

(4) avoidance - automatic continuous within

safety criteria until criteria invalid

(a) channel - as for monitor

(b) format - same as for monitor in

general, but distinguishable

(color/size)

(c) location - as for monitor

(d) method as for monitor
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j.Survival/Escape -Safety

(1) monitor - on call until deselected;

autotriggered by safety and survival

priority subsystem criteria

(a) channel -visual

(b) format -binary (goes to graphic

symbolic)

(c) location - HUD + HD vertical

(d) method - projected plus direct

(2) assessment 7 coincident with monitor

(a) channel - as for monitor

(b) format - graphic symbolic/binary

plus rate stopp..ge(mchn)ie

(qualitative)

(c) location - HUI) + HD vertical

(d) method - as for monitor

(3) correction - NA

k. Maneuver Energy - Mission Enhancing

(1) monitor - on call until deselected

(a) channel - visual

(b) format -qualitative graphic

(c) location - HUD

(d) method -projection

133



(a) channel - as for monitor

(b) format - coincidence/difference of

graphics

(c) location - as for monitor

(d) method - as for monitor

(3) optimization - coincident with monitor

(a) - (d) as for assessment

(i) External Control - 'lission Enhancemen:

(1) monitor - on call during contrzl unt '

deselected

i. channel - visual

ii. format - parametric, dial

linear(V)- ,ra-hic svboliz (. -EL

iii. location - HUD, central panel h'rz-

zontal and vertical - rouze s a:e

time displ'ay

iv. method - projected (HUD) - direct

(2) assessment - by coincident diszay ,fr

goal control path info

i. same a- monitor

(3) malfunction - inherent in monitor

(see subsystem)
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(j) Threat - Aircraft Survival

(1) detection - autotriggared u-ntil criteria

invalid or overridden

i. channel - redundant audio - visual

ii. format - color + relief syrnolic,

audio signal frequency

iii. location - HUD, HD vertical and

horizontal

iv. method - direct + indirect project::n

(2) location - autotriggered coinci*:ent

with detection, coincident with rDute
/

display

i. - iv. same as for detection

(3) evaluaticn/avoidance - autotri4z=re!z

until overridden

i. channel - visual

ii. format - colc binr sh

+ graphic rang.e efecti'. ss

iii. location - same as "detect_:n"

iv. method - indirect hologracn,

(i) Threat Counterreasures - Mission zn:hanc:n

(1) monitor

i. channel - visual

ii. format - alpha binary + cclor

iii. location - HD subsystem pa:,el

iv. metaod - direct
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(2) CM system selection - same as monitor ;i,:s

ii. format - same

iii. location - HU + HD subsyst-. panes

iv. method - projection plus c~rect

(3) CM system enployment - same as 7onitor zLus

ii. format - alpna binar: - - cclcr

1. Target - Mission Essential

(1) possible target detection - continuous

coincident with route

(a) channel - visual

(b) format - color plus symbolic

(c) location - HUD + HD horizontal plus

vertical

(d) method - holographic + indirect

(2) possible target location - continuous,

coincident with route

(a) - (d) same as for detection

(3) target classification - when derived

until overridden, coincident with locat::n

(a) channel - visual

(b) format - color, symbolic, heightened

relief
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(4) target selection from clutter background -

(noise, countermeasures, or multiple

targets) - continuous coincident with

location

(a) channel - visual

(b) format - intensity (suppression of

non-selected targets)

(c) location - same as for detection

(d) method - same as for detection

(5) target designation - when designated

until overridden coincident with locati:n

(a) channel - visual

(b) format symbolic and/or blink (e.g.

circle tgt)

(c) location - same as detection

(d) method - same as detection

m. Weapon Readiness - Mission Essential

(1) monitor - on call plus simultaneous

with weapon selection until overridden

(a) channei - visual

(b) format - binary (alpha/color)

(c) location - HU + HD fwd (wpn dedicate.

area)

(d) method - direct
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(2) assessment - inherent in monitor

(3) correction - during corrective action/

inherent in monitor

n. Aircraft Launch Position/Time - mission.

Essential

(1) selection - for selected systems by

stored criteria; coincident with route

and attitude; simultaneous with and

conditional on target designation and

weapon selection; until launch or de-

selection of weapon

(a) channel - visual

(b) format - symbolic

(c) location - HUD, A/C route position,

time display

(d) method - indirect HUD, holographic

(2) deviation assessment - coincident and

simultaneous with selection

(a) channel -visual

(b) format -symbolic coincidence +

alpha (time)

(c) location - same as selection

(d) method - same as selection

(3) deviation correction - inherent in

selection and deviation assessment
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o.Weapon Selection -Mission Essential -

when selected until launch or deselection

(1) channel -visual

(2) format -binary alpha/color, on/of f

(3) location - HU, (HUD?), HD fwd wpn
dedicated area

(4) method - direct (HUD projection?)

p. Total W'eapon System Readiness - Mission

Essential

(1) detection - when weapon, weapon

carriage & release, fire control

and weapon (post launch) control

systems are all ready, until launch

(a) channel -visu~al

(b) format -alpha + symbolic binary

(c) location 1- HU, HUD, HD wpn dedi-

cated area

(d) method - direct + HUD projection

(2) assessment - by stored criteria;

simultaneous with detection; until

launch

(a) channel -visual

(b) format -color + symbolic blink

(d) mecto -same as detection

(c) locton same as detection
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(3) correction - inherent in detection

(a) - (d) same as for assessment

q. Fire Control and Post Launch Weapon Control

Systems Readiness - Mission Essential

(1) detection - on call until deselected;

inherent in weapon system readiness

- detection/assessment

(a) channel -visual

(b) format -alpha binary + color

(c) location - HU + HD wpn ded.cated

area

(d) method - direct

(2) assessment - simultaneous with detecticn

(a) channel -visual

(b) format - binary blink + color

(c) location - same as detection

(d) method - same as detection

(3) correction - inherent in detection

(a) - (d) same as for assessment

r. Weapon Carriage & Release System Readiness-

Mission Esr-ential (same as for Fire Control,

Weapon, Post Launch Control Systems)

(1) detection - on call until deselected;

inherent in weapon system readiness

detection/assessment)
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(a) - (d) same as for fire control and

post launch weapon control system readi-

ness

(2) assessment - simultaneous with dete.ctin

(a) - (d) same as for detection

(3) correction - inherent in detection

(a) - (d) same as for monitor

s. Fire Control Solution (pre-launch) - .issi-_n

Enhancing

(1) presentation - on call until launch;

coincident with aircraft launch/posit.n/

time selection

(a) channel - visual

(b) format - graphic symbolic

i. pictorial if imaging type sen-zr

ii. symbolic if non-imaginq

(c) location - HUD, HD vertical by pre-

emption for imaging

(d) method - HUD projection plus direct

(2) assessment - by stored criteria simultaneous

with presentation

(a) channel - visual

(b) format - symbolic/image coincidenze

(c) location - same as for presentation

(d) method - same as for pr( tation
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(3) correction - inherent in presentation;

during application

t.Weapon Post Launch Control - Mission Essential

(1) presentation - upon launch (for selected

weapons) until termination of require-

ment or impact, as selected

(a) channel -visual

(b) format -graph ic

i. pictorial if imaging type

i.i. symbolic if non-imaging

(c) location - HD vertical by preempti~on

for pictorial + HUD for symbolic

(d) method -direct for HD, HUD projection

(2) assessment -inherent in presentation

(a) channel -same as presentation

(b) format -symbol/image coincidence

(c) location - same as presentation

(d) method - same as presentation

(3) correction - inherent in presentation;

during application

(a) - (d) same as for assessment

u. Data Storage - Mission Enhancement

(1) operation (storage) - during collection

until deselected; by type of information
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(threat, target, fault isolation, delivery

parameters, damage assessment)

(a) channel -visual

(b) format -alpha binary

(c) location - HD fwd subsystems display

(d) method - direct

v. Subsystems - Aircraft Survival (Attitude

Control and Power Systems)

(1) monitor

(a) channel -visual

(b) format -parametric linear

(c) location - HD fwd, subsystem display

area

(d) method - direct

(2) assessment - as for monitor

(3) correction - NA

(4) malfunction

(a) channel-visual

(b) format - binary blink + binary

(display) alpha

(c) location - EMERG + HD fwd subsystem

display area + HD horizontal preempt

by alpha

(d) method - direct
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(5) aircraft attitude control

(a) malfunction - trigger display of

malfunction and monitor until

correction

(b) assessment - inherent in display

(c) correction - by deactivation of

display

(6) electric/hydraulic/pneumatic power system

(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) correction - coincident w/malfunction

(d) malfunction - trigger display and

trigger monitor; trigger correction

until deselected or corrected

w. Subsystems - Safety

(1) monitor - (for those with degree-of-

operation differentiation - those that

fail/operate are not monitored)

(a) channel - as for monitor

(b) format - binary blink + binary

alpha display

(c) location - EMERG + HD fwd subsystems

display area + direct display hori-

zontal preempts by alpha, + HUD

(d) method - direct
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(2) assessment (for those that monitor)

(a) channel - as for monitor

(b) format - parametric linear + grap-c

symbolic alongside

(c) location - as for monit

(d) method - as for monitor

(3) correction - (for those that :cnitor) --

(4) malfunction (autotriggers monitor)

(a) channel - as for monitor

(b) format - binary blink + binary a!- =

display

(c) location - EMERG + HD fwd subsyst-

display area + direct display horL-

zontal preempts by alpha + HUD

(5) aircraft limitations criteria Jetect-.,

display - autotriggered until deselec-'zi

(6) damage/malfunction indicator system

(a) triggered, on call - until desele:-:a-

(7) engine system condition

(a) monitor - continuous unti. de ,elezt-2;

coincident w/performance correctiz--

(b) assessment - coincident with moni-zr

(c) correction - coincident w,/performance

and correction
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(8) fuel system

(a) monitor - on call until deselected

and au-otriggered by preselected

criteria

(b) assessment - coincident w/monitor

(c) correction - coincident w/monitor

(d) malfunction/criticality - autotrig~er;

coincident autotrigger or monitor

assessment and correction unless

overridden

(9) cruise energy display

(a) malfunction - autotriggered until

deselected

(10) internal environment system

(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) malfunction/criticality - autotrigger;

coincident autotrigger of monitor and

assessment until overridden

(11) traffic hazard system

(a) malfunction - autotrigger until

deselected

(12) survival/escape system

(a) malfunction - autotrigger
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(13) environmental hazard countermeasure

system (anti-ice)

(a) malfunction - on call until deselected

x. Subsystems - Mission Essential

(1) monitor

(a) channel - visual (tactile-lighting)

(b) format

i. comm - parametric digital

ii. navigation - parametric alpha-

numeric

iii. carriage/release - binary,

color, alpha

iv. weapcn - binary, color, alpha

v. targcting - alpha

vi. threat - alpha

vii. lighting - position

(c) location

i. comm/navigation - HU console

or lower panel

ii. carfiage,'release - HU

iii. weapon - HU

iv. targeting - HUD, horizontal,

vertical fwd display areas

v. threat - subsystems panel,

console, panel
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vi. lighting- on control

(d) method - direct

(2) assessment - not required (inherent in

monitor)

(a) channel - as for monitor

(b) format

i. comm - NR

ii. navigation - NR

iii. weapon

iv. targeting - NR

v. threat - NR

vi. lighting - NR

(c) location - as for monitor

(d) method- direct

(3) correction - inherent -- NR

(4) malfunction

(a) channel - visual

(b) format - binary blink + binary alpha

(c) location - EMERG + HD fwd subsystem

display zrea HUD

(d) method - direct + HUD projected

(5) communications system

(a) m,.nitor - continuous

(b) assessment - inherent in monitor

(c) correction - inherent in monitor

148



(6) navigation system

(a) monitor - on call until deselected

(b) assessmenL - inherent in monitor

(c) correction - until corrected

(d) malfunction - autotriggered

(7) carriage/release system

(a) monitor - continuous

(b) malfunction - autotriggered

(8) weapon

(a) monitor - continuous

(b) assessment - coincident with monitor

(c) correction - coincident with monitor

until ccrrected

(9) targeting system

(a) monitor - continuous C?)

(b) malfunction - autotrigger and on

call (BIT) until deselected

-(10) threat analysis system

(a) monitor - on call until deselected

(b) malfunction - autotriggered

(11) lighting system

(a) monitor - not required

(b) assessment - not iequired

(c) correction - not required
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(12) maneuver energy optimization

(a) monitor - not required

(b) malfunction - autotriggered

y. Subsystems - Mission Enhancement

(1) For all except Data Storage

(a) malfunction

i. channel - visu.al

ii. format - binary blink plus

binary alpha

iii. location - EMERG + HUD +

subsystems panel HD fwd

iv. method - direct

(b) correction

i. - iv. as for malfunction

(2) external environment sensor system -

autotrigger

(3) control signal acceptance system -

autotriggered

(4) aerodynamic parameter monitor system -

(a) malfunction - autotrigger

(b) correctidn - state shown after

deselection/malfunction

(5) threat countermeasures - autotriggered

(6) security - autotrigger
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(7) data storage

(a) monitor/operation (storage) - on call

until deselected; by type of infor-

mation; during storage

i. channel - visual

ii. format - binary alpha

iii. location - subsystem panel

HD fwd

iv. method - direct

(b) malfunction - autotriggered

i. - iv. same as for monitor/

operation

(c) retrieval - on call for selectable

threat and target information

i. - iv. same as for monitor/operation
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I.Phase: Target/Threat Area Retirement

1. Phase Required/Desired Information

a. Phase required/desired information

(1) Configuration

(2) Engine

(3) Damage/malfunction

(4) Aerodynamic performance

(5) Aircraft attitude control

(6) Environmental hazard

(7) Communications traffic

(8) Communications

(9) Route

(10) Subsystems

(11) Survival/escape

(12) weapon

(13) Data storage

(14) Survival/escape

(15) Traffic

(16) Environmental hazard (geographic)

(17) Threat



2. Phase Required/Desired Action Displays -- Phase

Timing and Priorities

a. Configuration - Safety

(1) monitor - until satisfactory

(a) channel - redundant tactile/visual

(b) format - redundant parametric/grashlc

(symbolic)

(c) location - HD on subsystem display

(fwd)

(d) method - direct view

(2) assessment - until matched -- all cate::ries

the same as monitor

(3) correction - by completion of display ::7e

(a) channel - as for monitor

(b) format - as for monitor plus blink:?)

(c) location - as for monitor

(d) method - as for monitor

(4) malfunction - autotrigger monitor untuL

corrected or overridden

(a) channel - as for monitor

(b) format - as for monitor; blink

(c) location - as for monitor plus HUD

plus EMERG

(d) method - as for monitor
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b. Engine Performance - Mission Essential

(1) monitor - on call until deselected

(a) channel - visual

(b) format - parametric digit/tape

(c) location - HD subsystem display (fwd)

(d) method*- direct view

(2) assessment - coincident with monitor --

all categories the same as monitor

(3) correction - inherent in monitor -- NA

c. Aerodynamic Performance - Safety

(1) monitor - continuous for all but angle

of attack; angle of attack -- when

selected until deselected + autotriggerec

near preselected limit.

(a) channel

i. air speed, altitude, G, vertical

velocity - visual

ii. angle of attack - visual (select-

able) plus audio (near limit)

(b) format

i. parametric linear, symbolic

ii. symbolic plus signal frequency

(c) location - selectable to HUD, IID fwd

(d) method - HUD projection, direct
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(2) assessment - continuous/inherent in

monitor

(a) channel - visual plus audio

(b) format

i. symbolic coincidence

ii. binary (off/on) audio

(c) location - same as for monitor

(d) method - same as for monitor

(3) correction - inherent in monitor -- NA

d. Route Spaze/Time (Mission Essential)

(1) monitor - continuous until deselected

(a) channel - visual

(b) format - graphic/map -- horizontal

+(?) vertical fwd skeletonized

(c) location - UD central panel, HUD

for time, V, hdg

(d) method -- holographic for map, HUD

projector

(2) assessment - coincident with monitor

(a) channel - as for monitor

(b) format - qualitative for velocity

- rate stoppage

- parametric for time/dis/

hdg error

- symbolic for position dif-

ference (could do it all)
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(c) location - as for monitor + vertical(?)

HUD for parametrics, V rate stoppage,

symbolic hdg

(d) method - holographic panel

(3) correction - holographic panel

e. Environmental Hazard (e.g., Visibility, Hail,

Icing, Turbulence) - Safety

(1) monitor - on call by category until

deselected; selectably coincident with

route monitor until deselected

(a) channel - visual

(b) format - symbolic and pictorial/

(terrain)

(c) location - 1D central panel hc:izontal

(d) method - virtual

(2) assessment - during external control

(a) channel - as for monitor

(b) format - HUE

(c) location - as for monitor plus

vertical

(d) method - as for monitor

(3) avoidance - inherent in/or coincident

with monitor

(a) - (d) -- NA
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f. Aircraft Limitations Criteria - Safety

(1) monitor - on call or autotrigger by

preselected criteria; until deslecte:

(a) channel - visual

(b) format - graphic symbolic + alph'

numeric; blink if autotriggered

(c) location - HD forward if selecte;

HUD if autotriggered

(2) assessment - coincident with monitcr

(a) channel - as for monitor

(b) format - parametric comparison

desired and existing performance

and results

(c) location - as for monitor

(d) as for monitor

(3) optimization/correction - coincider.:

with assessment

(a) - (d) as for assessment

h. Aircraft Attitude Control - Aircraft Suz.ival

(1) monitor .- continuous

(a) channel - visual

(b) format - graphic symbolic + para-

metric

(c) location - HUD, HD vertical

(d) method - projected, direct
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(2) assessment - during external control

(a) format - graphic symbolic

(b) correction - inherent in monitor

i.Traffic - (including enemy, sensor permitting)

Safety/Mission Enhancing

(1) detection .-automatic continuous when

within safety criteria;

- until deselected for preselected

criteria

- inherent with avoidance -- on call,

coincide'ht with route monitor

(a) channel - visual

(b) format - binary, blink plus graphic

symbol~ic plus hue (for friend/foe)

(c) location -HUD, HD horizontal, THREAT

(d) method -direct plus direct (holo-

graphic?)

(2) location - on call coincident with route

monitor

(a) channel - a~s for detection

(b) format - binary (direction indicator)

plus graphic symbolic

(c) location - as for monitor

()method - as for monitor
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(3) hazard assessment - automatic continuous

within safety criteria until criteria

invalid

(a) format - graphic symbolic

(b) correction - NA

(4) avoidance - automatic continuous within

safety criteria until critexia invalid

(a) channel - as for monitor

(b) format - same as for monitor in

general, but distinguishable (color,

size)

(c) location - as for monitor

(d) method - as for monitor
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j. Survival/Escape - Safety

(1) monitor - on call until deselected;

autotriggered by safety and survival

priority subsystem critiera

(a) channel - visual

(b) format - binary (goes to zraphic

symbolic)

(c) location - HUD + HD vertical

(d) method - projected plus direct

(2) assessment - coincident with nonitzr

(a) channel - as for monitor

(b) format - graphic symbolicbinary

plus rate stoppace (ratchinziisize

(qualitative)

(c) location - HUD + HD vertical

(d) method - as for monitor

(3) correction - NA

k. Maneuver Energy - Mission Enhancing

(1) monitor - on call until deselected

(a) channel - visual

(b) format - qualitative graphic

(c) location - HUD

(d) method - projection
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(2) assessment - coincident with monitor

(a) channel -as for monitor

(b) format - coincidence/difference of

graphi cs

(c) location - as for monitor

(d) method -as for monitor

(3) optimization - coincident with monitor

(a) - (d) as for assessment

1.Target - mission Essential

(1) possible target detection - continuous

coincidant with route

(a) channel -visual

(b) format -color plus symbolic

(c) location -HUD + HD horizontal plus

vertical

(d) method - holographic + indirect

(2) possible target location - continuous,

coincident with route

(a) - (d) same as for detection

(3) target classificati.on - when derived

until overridden, coincident with locaticn

(a) channel -visual

(b) format -color, symbolic, heightened

relief
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m. External Control - Mission Enhancement

(1) monitor - on call during control until

deselected

i. channel - visual

ii. format - parametric, dial(Cr)

linear(V); craphic symbolic C -32

iii. location - HUD, central pane! hori-

zontal and iertical - route s.ace/

time display

iv. method - proj-ected (HUD) - direc:

(2) assessment - by coincident display of

goal control pathn LinZo

i. same as monitor

(3) malfunction - inerenz -n monitor

(see subsystem)

n. Threat - Airzraft Zur -a!

(1) detection - autctr:.zcercd until cri~er~a

invalid or overridden

i. channel - redundant audio + visual

ii. format - color + relief symbolic,

audio signal frequency

iii. location - HUD, HD vertical and

horizontal

iv. method - direct + indirect Projection
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(2) location - autotriggered coincident

with detection, coincident with route

display

i. - iv. same as for detection

(3) evaluation/a:oidance - autotriggered

until overridden

i. channel - visual

ii. format - color + binary (f"Ias-i

+ graphic range effectveness

iii. location - same as "detection"

iv. method - indirect holocra:hhc
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o. Threat Countermeasures - Mission Enhancin--

(1) monitor

i. channel - visual

ii. format - alpha binary + color

iii. location - HD subsystem pane!

iv. method- direct

(2) CM system selection - same as monitor zluS

ii. format - same

iii. location - HU + HD subsystem :an1!

iv. method - projection plus direct

(3) CM system emiplovment - same as oritr -

ii. format - a±c '. z;nar! + bl -_ . -

p. Weapon Readiness - Mission Essential

(1) monitor - on call plus simulLaneous

with weapon selection until overridden

(a) channel -visual

(b) format - binary (alpha/color)

(c) location - HU + HD fwd (wpn dedicated

area)

(d) method- direct
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q. Weapon Selection - Mission Essential --

when selected until launch or deselecticn

(1) channel - visual

(2) format - binary alpha/color, on/off

(3) location - HU, (HUD?), HD fwd wpn

dedicated area

r. Weapon Carriage & Release System Readiness -

Mission Essential (same as for Fire Control,

Weapon, Post Launch Control Systems)

(1) detection - on call until deselected;

inherent in weapon system readinezs

detection/assessment)

(a) - (d) same as for fire control and

post launch weapon control system readc.=-s

(2) assessment - simultaneous with detectizn

(a) - (d) same as for detection

(3) correction - inherent in detection

(a) - (d) same as for monitor

s. Subsystems - Aircraft Survival (Attitude

Control and Power Systems)

(1) monitor

(a) channel - visual

(b) format - parametric linear

(c) location - HD fwd, subsystem diszlay

area

(d) method - direct
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(2) assessment - as for monitor

(3) correction - NA

(4) malfunction

(a) channel - visual

(b) format binary blink + binary

(display) alpha

(c) location - EMERG + HD fwd iubsysE-.

display area + HD horizontal pree-7t

by alpha

(d) method - direct

t. Data Storage - Mission Enhancement

(1) operation (storage) - during collection

until deselected; bv tve of informauic-

(threat, target, fault isolation, deli"-- - ":

parameters, damage assessment)

(a) channel - visual

(b) format - alpha binary

(c) location - HD fwd subsystems display

(d) method - direct
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(5) aircraft attitude control

(a) malfunction - trigger display of

malfunction and monitor until

correct ion

(b) assessment - inherent in display

(c) correction - by deactivation of

display

(6) electric/hydraulic/pneumatic power system

(a) monitor - continuous until deselected

(b) assessment - coincident w/monitor

(c) correction - coincident w/malfunction

(d) malfunction - trigger display and

trigger monitor; trigger correction

until deselected or corrected

u. Subsystems - Safety

(1) monitor (for those with degree-of-operaticn

differentiation - those that fail/operate

are not monitored)

(a) channel - visual

(b) format - alpha

(c) location - subsystems panel, HD fwd

(d) method - direct

(2) assessment (for those that monitor)

(a) channel - as for monitor
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(b) format - parametric linear + graphic

symbolic alongside

(c) location - as for monitor

(d) method - as for monitor

(3) correction (for those that monitor) -- NA

(4) malfunction (autotriggers monitor)

(a) channel - as for monitor

(b) format - binary blink + binary

alpha display

(c) location - EMERG + HD fwd subsystems

display area + direct display hori-

zontal preempts by alpha + HUD

(d) method - direct

(5) aircraft limitations criteria detection!

display - autotriggered until deselected

(6) damage/malfunction indicator system

(a) triggered, on call - until deselected

(7) engine system condition

(a) monitor - continuous until deselected;

coinci.dent w/performance correrction

(b) assessment - coincident with monitor

(c) correction - coincident w/performance

and correction

(8) fuel system

(a) monitor - on call until deselected

and autotriggered by preselected

criteria
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(b) assessment - coincident w/monitor

(c) correction - coincident w/monitor

(d) malfunction/criticality - autotrig=r;

coincident autotrigger of monitor

assessment and correction unless

overridden

(9) cruise energy display

(a) malfunction - autotriggered until

deselected

(10) internal environment system

(a) monitor - continuous until deselec ei

(b) assessment - coincident w/ncnitor

(c) malfunction/criticality - autotric[sr;

coincident autotrigger of monitor

assessment until overridden

(11) traffic hazard system

(a) malfunction - autotrigger until

deselected

(12) survival/escape system

(a) malfunction - autotrigger

(13) environmental hazard countermeasure

system (anti-ice)

(a) malfunction - on call until deseleczed

v. Subsystems - Mission Essential

(1) monitor
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(a) channel - visual (tactile-lighting)

(b) format

i. comm - parametric digital

ii. navigation - parametric alpha-

numeric

iii. carriage/release - binary,

color, alpha

iv. weapon -,binary, color, alpha

v. targeting - alpha

vi. threat - alpha

vii. lighting - position

(c) location

i. comm/navigation - HU console

or lower panel

ii. carriage/release - HU

iii. weapon - HU

iv. targeting - HUD, horizontal,

vertical fwd display areas

v. threat - subsystems panel,

uonsole, panel

vi. lighting - on control

(d) method - direct

(2) assessment - not required (inherent

in monitor)
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(a) channel - as for monitor

(b) format

i. comm - NR

ii. navigation - NR

iii. weapon - binary, color

iv. targeting - NR

V. threat - NR

vi. lighting - NR

(c) location - as for monitor

(d) method - direct

(3) correction inherent -- NR

(4) malfunction

(a) channel - visual

(b) format - binary blink + binary alpha

(c) location - EMERG + HD fwd subsystem

display area + HUD

(d) method - direct + HUD projected

(5) communications system

(a) monitor - continuous

(b) assessment - inherent in monitor

(c) correction - inherent in monitor

(6) navigation system

(a) monitor - on call until deselected

(b) as3sessment - inherent in monitor
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(c) correction - until corrected

(d) malfunction 
- autotriggered

(7) carriage/release 
system

(a) monitor - continuous

(b) malfunction 
- autotriggered

(8) weapon

(a) monitor - continuous

(b) assessment - coincident with monitor

(c) correction - coincident with monitor

until corrected

(9) targeting system

(a) monitor - continuous (?)

(b) malfuflction - autotrigger and 
on

call (B IT) ".ntil deselected

(30) threat analysis 
system

(a) monitor - on call until deselected

(b) malfunction 
- autotriggered

(11) lighting system

(a) monitor - not required

(b) assessment 
- not required

(c) correction -
not required

(12) maneuver energy 
optimization

(a) monitor - not required

(b) malfunction 
- autotriggered
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v. , Subsystems - Mission Enhancement

(1) For all except Data Storage

(a) malfunction

i. channel - visual

ii. format - binary blink plus

binary alpha

iii. location - EMERG + HUD + sub-

systems panel HD fwd

iv. method - direct

(b) correction

i. - iv. - as for malfunction

(2) external environment sensor system -

autotrigger

(3) control sinnal acceptance system -

autotriggered

(4) aerodynamic parameter monitor system -

(a) malfunction - autotrigger

(b) correction - state shown after

deselection/malfunction

(5) threat countermpasuras - autotrigge-ed

(6) security - autotrigger

(7) data storage

(a) monitor - when selected until

deselected
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i. channel - visual

ii. format - binary alpha

iii. location - subsystem panel

HD fwd

iv. method - direct

(b) assessment/malfunction - on call

until deselected
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I am Commander Lee, Commanding Officer, VA-147. It pleases
me to be here - it's not often aviators get a say in what goes in
to an airplane. I will talk about the single place attack mission.

1. SLIDE. This is what we have used for many years to fly
airplanes - completely heads down. Not comfortable.

2. SLIDE. The heads up display has come about in the last few
years and for old hands is hard to get used to.

3. SLIDE. The big question is how much information should and
can be displayed on the HUD and be useful to the pilot. In these
last two slides the attempt has been to show what the pilot sees
during a night catapult launch. It's very difficult to show on a
screen.

The attack mission can be divided into three distinct phases.
- Take off/landing' Enroute and the attack phase. The combination
of heads up and heads down displays must be harmonized to accomplish
all phases effectively and safely. After talking to many attack
pilots I have come up with the idea of the heads up display with
all info to fly the aircraft during any pahse but selectable for
each individual phase. Instead of all other information being
displayed totally heads down, we should have a multi display unit
just below the HUD that can be seen at the same head position.
This unit could display any desired information at pilot request
from aircraft system health to radar to EW.

4. SLIDE. Enroute this display could be programmed to display
navigation and enemy order of battle as predicted prior to flight.
The enroute HUD should showk heading, speed, time, attitude
velocity vector and wind. The display lines must be thin and the
presentation unclutterred. Information should be selectable in
groups for complete navigation and system management.

5. SLIDE. Radar and projected maps are necessary for enroute
vfation. Each scale of radar should be matched by a map scale

for both normal terrain and radar charts. Computer generated radar
should be capable of being displayed on the multi display unit and
should compare to the radar chart presentation.

6. SLIDE. EW gear must be displayed in a useabie method. Present
gear shows much too much information in a high threat environment.
The single place airplane must have a more useful EW threat display
so that the oilot can fly the airplane and counter the highest
threat. The present system reminds one of an excited pinball
machine.

7. SLIDE. In the close air support role the overriding proglem
is that everyone is on a different frequency band and the pilot
cannot talk directly to the man needing air cover. With multiple
radios - monitoring frequencies and responding to calls on different
frequencies is an almost impossible task in a single ciace airplane.



8. SLIDE. The attack mission is primarily to get bombs on target -
hitting the target the first time instead of having to make the same
trip more than once. 9. SLIDE.

10. SLIDE. Pinpoint accuracy is what is required and it has been
proven that aircraft today can hit as well as the pilot can acquire
and track the target.

11. SLIDE. CEPs of less than 40 feet are fairly common. The only
way to improve over this is with smart weapons. Displays for target
acquisition by IR, laser, low light T. V., ect., must be included
in displays of the future.

Many missions in today's senarios call for off boresite
w-eapons delivery. 12. SLIDE.

In man'.' missions the pilot would have one pass to attack the
taraet -nd _f it did not appear directly in front of the airplane
upon acquisition, the mission could very well be unsuccessful.

14. SLI. e must have an off-boresite aiming capability incor-
porated I -nt the ir1. The attack mode HUD should cover at least
the fcr..mr: -- ns-reen tor maneuvering and weapons system displays.
Al! weapons in7:o:mation should be displayed so that it is not
necessary tc Iook inside the cockpit. Weapons parameters should
be prograimmable ;ith individual FRAG patterns included. The
attack phase ,resentations should be selectable by the pilot for
any light intensity desired;- a big problem presently is that night
lighting is too bright and not nearly selectable enough.

The attack phase should also include mission completion infor-
mation. At the pre-rogrammed fuel a bingo profile should be
displayed giving altitude and airspeed taking into account winds.

14. SLIDE. The landing phase presentations should be much like
take-off.

15. SLIDE. The biggest concern is instrument flight.

16. SLIDE. Large attitude lines with critical airspeed indication
that shows trend. The ability for lining the airplane up with the
ship is critical.

17. SLIDE. The present airplanes have combinations of things
of the future and/or the distant past. Future airplanes should be
built with the aviator and specific mission more in mind and the
cockpit should be oriented along the lines of mission performance
instead of just satisfying a requirement for displays.
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DISPLAY OPERATIONAL REQUIREMENTS

LCDR MITCHELL
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F-18 CREW STATION DESIGN-UPDATE

Eugene C. Adam

McDonnell Douglas Corporation

St. Louis, Missouri

The F-18 Grew Station design represents a considerable step forward
in the application of computer controlled CRT's and integrated controls
to the reduction of pilot workload and enhancement of mission success.
The requirement in the F-18 crew station design was to essentially
provide the capability contained in both the F-4 and A-7 weapon systems,

make it operable by one pilot, and provide an order of magnitude increase

in cockpit mission reliability.

To put this requirement in perspective the F-18 cockpit is 40%

smaller in terms of usable area than any of its contemporaries. This
area constraint necessitated maximum integration of the weapon system

controls and displays. The following charts describe the rationale
leading up to the configuration and present a few examples of the one-

man-operability features in the F-18 and how they would be used by the

pilot. The crew station design is being generated and validated by a
vigorous process of analysis, USN aircrew systems advisory panel
evaluations and simulation.

183



ii

%

U

U

C,)'-

j-K4 A <Im

U)

1 3~



-, U,

LL Ud
w ~ z

W L

LU LL

UJ 2

uj 0
> -

WO
0u U.

w Z
<

*L -4 >,

cc<z

LL Z

. 2 >
-- -J~ 0

CLL
CL cc ,

..- qC.

185 ~



) 0~ 0

U~LU

UKIL

LL c

o - I
-U e

I-rizc
0J

LL u0 Z n 0-j u o-Z L"-i

186



CLC

000

C3 0 -w

dos-%

- ~ ~ ._ 2 :

U6 T7 0

0 :3

ub 44

zo._
'.l CIO

0 -

wN - __

4<

LL



0 . - u

0 LU

cc

4.,.

LUJ

00

z 6 -; cc o

zzz

2 cc
-

6A 574

zL Z

LlU

88



0o 0~r o

- 3 0

Uo -

D -Jz

00
I- C"

ZZ
0 0O

z C
o z u

o cc
I6-

CL 0

cc_
a. -

L'3



.J 0J

a.-

L)~I :1 .J

23)
uI.

coz

U)
CL,

UmoC
z 5
a<

7n Cir<x



AD-A097 285 NAVAL AIR TEST CENTER PATUXENT RIVER MD F/G 5/A

1976ADVANCED AIRCREW DISPLAY SYMPOSIUM 
(3RD). 19-20 MAY.()

UNCLASSIFIED NL

3.5 IlODIIEEEE
*EEEEEEEE
mhEIIIhilIhI
EI////I/II///u
EE////I/EE//EI
EEE///l/l/lEE

EEEEE-EHEli



11111 .0 _~ii 11I1ila

IIII2 1. 4 I~iIIOT

MICROCOPY RESOLUTION ILST CH IART

N I( I

9



M IC C 3ee!

/ 3Q j

'OtE IfII.

C3 C 0 __ _ __ _ _

U- 13G

2l T

191



I-3

LU

a np

4 LL

IL
cc-L

1.92



Gi



194



LUJ

17z



196



0 C/3

irs

00

LI-

00

19-



wwI-L

00

w

o < < w-

0 0

L< <
0 ,, 0 - Q

Z 0w Ow 0

0 Ocn Uz I.C.)

* 0 0 u
LU L La.L



LU .

13 0 4 01

000

oL o
w - D 0

0U 0

0 0U
U mJ

Z (cQ 0
ZU 0U

am Z 0 o-
I- X- .ccN z LU
WZZ

Zu z 0 0Lm . 0 <r <

UA~ Z - - J I

1.99



000 00

z >

CO /0 <1. (0 (0<

0 < m C

00

0 <0

Ozc
w ui

ccn

(0200



0 0

z
LCU

0

z
L.No.

0
LU

CIO-

z2 1



00
06

202



E V

0* 0

00

S0

I>
cc-

LU -

LI

CLC

I-E

LU mC

cc) Vlr)

4 0 -

LU

0
z

23



A;

LE~I CCC U- "J
o OT:ii

Ow _______~-c 0

!ZI

w M4

0 0ur

C4 0

CIO,
-l 0z

0

204



I- 0

oL LU

LL. 2. La

o >A 0 oU

c.~z 0 0U
0 uJ

-J 0

0 0 U)I cax C. LL

ccZ _3 > in

4-1P- 0 z ~ 0 LL <. I
a. z4 z z cr 0 zr LA

z 
0~4

cc 06

.mLL.

o 205



loa

CU3RO~&E 
C

u4 1  -

U I

~20



it.

3U

01

.. a~za
I IW6

IL0 .

. -

*Uh--~ -

L_ _ _ _ _ _ _ 5

CC QC;

2S 7



00
4c CC
UA .

Z

LAJ

208



>. C.--
00
Luw

aa

Go

u__

02')

LLU



AlL
00

I _

o I__ __

I--

4k It I

02 

-

M!

0

0 Lwop

IC

0 >
Lm

00

UZII

000

121



awlo

.m. 1~ i-
00

L4 Z

Iz t

1

w&



uiV

0 a

____i3,C

3 1
22 cc __

)~ U-J w

:j! 00

CO~U COz C4 '

IC:

Lrru& 31



U5 /

601

!9 0 z 1 ,*
* ju',.~.I

- - -~~ L ,D

0)) r. c3oJ
-l

w I Wui

U.U
ml~L 2 L.17

U) z
iiL C a J

U-C) 0Oo y

I~~~ >O CdC) 4 ~
_j> CL -

I-

04 Nz z

C,

21



I- 0I

U)I ccC) F13

08a_

s cc

0) MPil

0 0 3S
0 o a-,El

cc CE
Q iT

214



THE INANEUVERIYG FLIGHT PATH DISPLAY

J. F. Watler, Jr.
NORTHROP CORPORATION, Aircraft Division

Hawthorne, California

G. W. Hoover
Consultant

ABSTRACT

The aircraft man-machine interface, in general, has failed to keep pace with
advancements in airframe dynamic performance. This deficiency has given rise to
a notable anomaly in total system performance capability. Nowhere is the anomaly
more apparent than in today's fighter aircraft where the pilot, by virtue of the man-
machine interface limitations, is unable to safely and consistently obtain from the
machine all of its available capability.

it was concluded that the best means of improving the man-machine interface
was to develop new "integrated" visual displays. Integrated displays are defined as
those which present only "solution" information. By solution information, we mean
that information which represents the solution to an equation rather than the param-
eters, or variables, involved in the equation. Further, this solution information is
always presented in a display format which is natural and to which a human responds
rapidly, accurately, and consistently. Integrated displays have been found to be
particularly effective in the more dynamic flight situations.

Northrop has initiated an independent research and development program in the
area of integrated displays. One of the concepts under evaluation and development is
the "maneuvering flight path" display. Previous studies performed during the 1950's
demonstrated the desirability and effectiveness of the display, but technological limi-
tations precluded its earlier development. Northrop has extended the earlier work on
the concept and has devised a feasible means of mechanizing it as a cockpit display.
This paper describes the maneuvering flight path display concept and reports on the
status of the display's development.

1. 0 INTRODUCTION

This paper reports on an advanced aircraft display concept, known as the
Maneuvering Flight Path Display, which is currently under development at the
Northrop Corporation Aircraft Division. The basis of the concept, the functions and
characteristics of its elements, its projected applications, and its information content
will be discussed. The implementation of the concept and its development to date will
be described, along with the activities planned to establish conclusively its operational
feasibility. The maneuvering flight path display will be useful in all modes of flight,
but it is being mechanized with special emphasis on its application to air combat
maneuvering (ACM). For that reason, the display is described mainly in the ACM
context.

1. 1 BASIC REQUIREMENTS

When we speak of "advanced" aircraft display concepts, we refer to concepts
which are philosophically different from the accepted conventional displays and which
are not currently in use. However, we are aware of the ambiguity of the term
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"advanced." For almost as long as we have had airplanes, every new development
in the field of cockpit instrumentation has been heralded as "advanced. " And yet, the
display concepts in today's aircraft have not changed significantly in the last fifty
years. Therefore, let us take a little time to develop the rationale for the Maneuver-
ing Flight Path Display concept, and let the discussion of the display per se proceed
logically from there. Specifically, we shall examine the needs for such a displav and
the considerations which specifically dictate a "flight path" - in other words, the
basic requirements.

While the needs which led to the flight pagh display concept are numerous, they
can be summarized undei three categories: greater system performance, increased
flight safety, and decreased crew training.

1. 1. 1 Greater System Performance

In the case of combat aircraft, greater system performance is synonymous with
better mission results. Looking across the board at the variety of missions involved,
it is clear that the air-to-air engagement, or ACM as it is popularly called, is by far
the most demanding on the man as well as the machine. Indeed, no other mode of flight
expresses the need for a sensitively designed man-machine interface more forcefully
than ACM. On the matter of providing greater system performance, we reached
several conclusions that served to direct our effort. These conclusions are:

1. The flight mode in which greater system performance is most critically
needed is ACM.

2. A significant increase in system performance during ACM can be provided
via improvement of the man-machine interface (i.e., the cockpit controls
and displays).

3. The task of providing greater system performance by means of improved
controls and displays is more difficalt for ACNl than any other flight mode,
but resolution of the ACM problem ;mplies the almost automatic resolution
of the others.

Two major, continuously recurring questions confront the pilot during ACM:
'what should I do?" and "how should I do it?" During ACM. the former relates to
tactical performance; the latter to dynamic performance.

Today's sophisticated avionics systems notwithstanding, air-to-air engagements
are still being carried out much as they were in World War I ii. e., by maintaining
"eyeball-to-eyeball" contact with the adversary). Yet, today's operatiunal fighter
pilot will readily agree that he needs more "what should I do'-' information than he is
able to obtain by direct visual contact alone.

Similarly, the present generation of fighters afford levels of dynamic perfor-
mance which pilots are generally unable to achieve with the "how should I do it 2"
information available from present cockpit displays.

Clearly then, a distinct tactical edge could be provided if all of the essential
'what should I do ?- and "how' should I do it?"' information could be effectively .,om-
municated to the pilot. Present multisensor and airborne computer technologies
permit the high-speed data acquisition and computation necessary to determine the
required information. What is lacking is a display which will effectively communicate
the information to the pilot.
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The display must allow the pilot to control the aircraft effectively while keeping
his head up and moving. It must simultaneously present all of the operationally re-
quired AC'M information such as aircraft performance limits, energy management,
tactical data, fire control, and critical system states in such a manner that the pilot
can easily understand the situation at hand and anticipate progressive developments.

1.2inc reased Flight Safety

obviously, any display which provides a "tactical edge" during ACM affords the
pilot a sigpificant measure of safety in that mode. Unfortunately, our losses of air-
crew and aircraft are not confined to combat. Many losses still occur during landings
and takeoffs. Furthermore, recent aircraft accident statistics indicate that a large
number of accidents are still resulting from either the inadequate presentation or the
total absence of the required information. Such causal factors as stall/spin, pilot
disorientation, and loss of control could be more accurately identified as "lack of
necessary information."

W\hat then are the implications of flight safety considerations in terms of basic
requirements for an ACMI display? First, the primary display should be the same for
all flight modes. This is logically consistent since any display capable of meeting the
severe dynamic control requirements of ACM should be suitable for all other flight
modes as well. The display must incorporate such functions as necessary to present
in each flight mode all of the information which is operationally required in that flight
mode. Thus, for example, Instrument Landing System (ILS) glideslope and localizer
as well as necessary flight control information would be presented during landing.
Again. the information would have to be presented in such a way that its ready assimi-
lation and anticipatory use by the pilot is assured.

1. 1. 3 Decreased Crew Training

Separate studies have shown that no human is capable of performing the compu-
tations which would be required if all crew decisions during ACM were to be based on
unique, logical solutions of the equations involved. As a consequence, pilots and radar
observers involved in ACM are now compelled to train continually in ACM to develop
and maintain their proficiencies in making highly accurate intuitive judgments under
stress. This training is presently expensive and time -c onsuming, and will become
even more expensive as fuel prices increase. Ways to reduce training are constantly
being explored.

An ACM display is intended to relieve the pilot of the burden of having to make
the innumerable real-time judgments associated with air engagements. If the display
can prove successful in that capacity, it follows that it will also have a favorable
effect on training requirements. As a goal, therefore, the display should be capable
of being flown satisfactorily by pilots of limited experience with only a nominal
amount of aircraft transition training. Further, it should reduce crew workload
sufficiently to permit the average pilot to achieve a highe r-than-pre sent level of ACMN
proficiency. It must also facilitate crew ACM training by simulators.

1. 2 THE FLIGHT PATH DISPLAY CONCEPT AND ITS ORIGIN

The flight path display concept is not just another cockpit invention. Rather, it
is the product of an extended program of careful research into the aircraft man-
machine interface. The discussion which follows briefly describes the origin of the
concept.
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1. 2. 1 The Integrated Visual Display Approach

The concept of an electronically generated cockpit visual display which would
present a command flight path to the pilot is not new. The concept was one of the
products of the Army-Navy Instrumentation Program (ANIP) in the 1953-1963 period.
The display was envisioned as a real-time, geometrically faithful representation of
a "highway in the sky, " over which the pilot could fly his aircraft. The flight path
display concept was the result of strict adhererce to two basic ground rules. These
ground rules, validated by-previous studies, may be simply stated as:

1. The information displayed should present the solution to a problem
rather than the state of the variables involved.

2. The information should be presented in a format that a human being
understands and reacts to naturally.

The first ground rule merely recognizes the respective characteristic capa-
bilities and limitations of man and machine, and prescribes that the pilot displayvs be
designed accordingly. in other words, the pilot should be told what to do and how to
do it with enough information on the prevailing situation to enable him to accept or
reject the instructions.

The second ground rule recognizes that man, as a consequence of his total
experience, reacts predictably to certain factors in his natural environment and
prescribes that the pilot displays be designed co exploit this characteristic. Let us
take a closer look at this matter. Five basic visual cues are involved in contact
flying. It is on the basis of these cues (noted parenthetically below) that student pilots
learn to fly. As the fledgling pilot is given the controls for the first time, he is
advised to maintain the horizon (the external reference) in a particular position
relative to the frame of the windscreen (the internal reference). He unconsciously
detects and identifies objects by their appearance (surface texture), and he learns to
judge distance from the varying size of familiar objects (linear perspective). He
learns to assess his attitude as well as his ground speed through the apparent differ-
ential motion of elements at different distances within his field of view (motion par-
allax). Even a student pilot, after very little indoctrination on the flight controls,
uses these cues effectively to maintain his spatial orientation. A case in point is
the effectiveness of recovery from an unusual attitude once visual contact with the
ground is reestablished.

The flight path display is a natural "solution" display in that it simultaneously
presents 'what to do" as well as "how to do it" information. Further, the five basic
visual cues cited above are inherent in the presentation of an electronically generated,
dynamic (or maneuvering) flight path on a head-up display.

The ability to include all of the flight control solutions data and the required
visual cues in a pictorial display format led to the identification of these visual dis-
plays as "integrated." In recent years, the term "integrated" has been used to de-
scribe electronic displays in which isolated parametric and/or "solution" information
is combined and presented in either an abstraict or a symbolic display format. We
prefer to identify these displays as "combined" displays. Figure 1 graphically por-
trays our definition of "combined" and 'integrated" head-up displays. In practice,
intepTated displays have been found to afford a more rapid and accurate pilot response
to display changes. Accordingly, it was reasoned that integrated displays would
prove to be particularly effective in the more dynamic flight situations such as ACM.
However, a basic constraint uinder which the flight path display concept materialized
and evolved was that the selected display had to be usable and equally effective in all
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modes of flight. in other words, the same display had to be used in takeoff, cruise,
ACM, :lir-to-groufld strike, traffic control, and landing.

CONVENTIONAL FLIGHT PATH
HUD PRESENTATIONS DISPLAY PRESENTATIONS

("COMBINED" DISPLAY) ("INTEGRATED" DISPLAY1

ACM FORMATS

AIR-TO-GROUND
ATTACK FORMATS 4

LANDING FORMATS ________

FIGURE 1. "COMBINED" VS "INTEGRATED" DISPLAYS

1. 2.2 Developmental Background of the Flight Path Display

Preliminary laboratory simulation studies of the flight path display were con-
ducted in the 1950's. These studies demonstrated the desirability and utility of the
display in applications requiring precise control of vehicle trajectory. However,

* prevailing technological limitations precluded development of the flight path display
at that time. To our knowledge, no further work was done to develop the concept
until we began our reexamination of it in the course of a study to define ACM display

* requirements.

2. 0 THE FLIGHT PATH DISPLAY

Although the Mvaneuvering Flight Path Display is simple in format, it incorpor-
ates a wealth of essential pilot information and warrants further discussion. Accord-
ingly, let us now examine the nature, the functions, and the characteristics of its
elements at some length and assess its functional capabilities and related information
content.
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2. 1 THE DISPLAY ELEMENTS

The display, as it is currently structured, consists of three display elements
as shown in Figure 2. The detailed characteristics of the elements are still tentative
and will remain subject to change until such time as the scaling and display dynamics
studies are complete. However, as presently conceived, the flight path display will
be made up of a series of moving line elements analogous to "tar strips" on a highway,
a series of "speed index" elements which move relative to the tar strips, and "target
aircraft" representations which grow in size as range closes. The intent is to gener-
ate the display on a head-up display (HUD). Thus, the present objective is to provide
a display which will keep the pilot's field of view as uncluttered as possible. Other-
wise, textured elements such as shown in Figure 3 could be used instead of tar strips.

TARGET AIRCRAFT\ FRN
COMMAND

SPEED INDEX

MOVING
............ TAR ST RIPS

FIGURE 2. MANEUVERING FLIGHT PATH DISPLAY ELEMENTS

The tar strips and speed index will extend out in front of the aircraft and will be
displayed to the pilot with complete geometric fidelity. Thus all elements will appear
with proper perspective. The flight path will be displayed as though the aircraft is
taxiing on it. Hence the tar strips will appear to move under the aircraft at a speed
proportional to airspeed. A specific tar strip, or tar strips, can be uniquely identified
as the broken line tar strip of Figure 2) to denote discrete command points such as

weapon firing or release points. The speed index will be used to provide precise speed
control. If the aircraft is too fast, the elements of the speed index will appear to be
overtaken and passed; if the aircraft is too slow, the elements will appear to outrun
the aircraft. When the aircraft is flying at the proper airspeed, the elements will not
move and it will appear to the pilot that he is flying formation with them.

The flight path will be fully maneuverable. Accordingly, it will provide attitude,
heading, and altitude information at all times. Although this information is qualitative,
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TEXTURED

dp ELEMENTS

FIGURE 3. FLIGHT PATH WITH TEXTURED ELEMENTS

it is accurate and completely adequate for precise control. Through its display of
attitude information, the flight path will also provide the pilot with essential informa-
tion on his velocity and normal acceleration (V-N) state. Simply stated, as long as
the pilot stays on the flight path, he knows that he can never exceed the V-N limits of
his aircraft. Similarly, since the flight path contains all of the related information
(i.e., speed, altitude, and attitude) it will automatically provide all of the pertinent
energy management data the pilot needs.

A simple representation of the target aircraft will complete the display as
presently planned. The representation is not yet fully defined, but it will vary in size
perspectively as the distance to the aircraft it represents varies. It will always be
positioned to show the location of the target aircraft in the field of view. Similarly.
representations of ground targets and runways can be provided in the air-to-ground
strike and landing modes, respectively, such as shown in Figure 1.

2.2 INCORPORATION OF SYSTEM FUNCTIONS

We elected to attack the ACM display problem first because we believed that
its successful resolution would mean the almost automatic resolution of the display
problems of the other modes. The ACM display must help get the pilot to the com-
bat area and back to base again, as well as assist him during the actual engagement.
Thus, it must provide information on the following wide variety of system functions:

1. Tactical Control

2. Aircraft Performance Control

a. Fuel Management
b. Energy- Maneuverability
c. Performance Limits (%V-N)

3. Fire Control /Weapon Delivery
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4. Navigation/Traffic Control

Let us take a brief look at how each of these functions will be accommodated in the
maneuvering flight path display.

2.2. 1 Tactical Control Information

The maneuvering flight path display will be capable of responding to any threat
on which information is available. However, the flight path must have the same
dynamic limitations as the aircraft for which it is programmed. In other words, the
flight path must always display a trajectory which can be flown by the aircraft from
its present position and state. It was concluded that the presentation would be partic-
ularly well-suited to implementation on a head-up display (HUD). Accordingly, the
flight path display will suffer the same field of view limitation as that of state-of-
the-art HUD's. Thus, the presentation which the pilot views will include a display
of the tactical situation only to the extent that it can be represented in the field of
view. Other aircraft within the range of the sensors, and within the field of view,
will appear on the display along with the segment(s) of the flight path falling within
the field of view at the time. In practice, this will mean that the flight path, in de-
picting hard turns for example, will proceed out from the aircraft and turn out (of
the field of view and hence off the display. In the ACM mode, however, enough of
the flight path will always be visible to the pilot to enable him to keep the aircraft
on it.

The tactics required in a particular ACM situation will be dictated by the rela-
tive location, relative direction, and relative energy state of the target aircraft. The
flight path display will present the best trajectory for engagement of the nearest
target aircraft based on these factors. However, the pilot will be given simulta-
neously information on the total tactical situation (e. g., the relative positions of
other known target aircraft). This will permit him to make the major strategy deci-
sions thereby maintaining overall control. On the basis of this information he may
elect to continue the run established by the computer or overrule the system and take
another course of action.

In order to present the ACM display in real time, the location of the target air-
craft will be predicted. All known aircraft must move from point to point aerodynami-
cally - they cannot translate instantaneously - hence predictions of their paths are
relatively simple. These predictions will be updated with each display frame, and
will commence anew with each new input from the sensor(s) involved, It is expected
that the flight path will significantly reduce pilot reaction time during ACM. Figure 4
shows how the flight path will appear to the pilot in the course of a simple 135- inter-
cept.

Although we have confined our discussion so far to ACM. it is clear that che
corresponding tactical information for the air-to-ground mode can be handled just
as readily.

2.2.2 Aircraft Performance Control information

W~hen we speak of aircraft performance information, we refer specifically to
that information which enables the pilot to fly his aircraft efficiently. it involves the
management of fuel while enroute to the combat area so as to start the engagement
with as much fuel as possible. It involves monitoring the remaining fuel during the
engagement, and advising the pilot when to break off the fight so that sufficient fuel
is available for the return to base bor a suitable alternate). It involves management
of fuel while enroute to base (or alternatei so as to arrive with as much fuel as
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possible. it involves maneuvering in combat so as to conserve the potential and
kinetic energies of the aircraft. And finally, it involves flying the aircraft up to the
limits of its performance, if necessary, without fear of exceeding those limits. Let
us examine the structure of the flight path display again to determine how it will
present all of this information.

2. 2. 2. 1 Fuel Management Information

There are three fuel consumption modes, or engine power settings, of interest
to fighter pilots: "maximum range,"1 "minimum time, " and "maximum (dndurance. 1
on the way to the combat area and while returning to base, the fighter pilot is inter-
ested in achieving maximum range per pound of fuel consumed. Therefore, he sets
his throttle(s) at the "maximum range" setting. WiNfle in ACM, he is primarily inter-
ested in executing every action in the least time possible; so he sets his throttle(s) at
the appropriate "minimum time" settings. In any "holding" operations, such as those
which occur under traffic control conditions, he is interested. only in consuming the
least amount of fuel per unit time. In this instance he sets his throttle(s) at the "maxi-
mum endurance" setting. Each of the three fuel management states involves a unique
combination of airspeed, altitude, and engine power for the prevailing mission, system,
and atmospheric conditions. Sometimes, for example, the conditions under which the
mission must be flown are so restrictive that the pilot can do nothing to optimize his
fuel consumption. However, a fuel management capability should be provided to exploit
fully whatever latitude the pilot might have in a given mission.

'Mechanization of the fuel management capability is not simple. Numerous comn-
putations are involved and suitable cockpit displays are not presently available. Thus
the problem is twofold: software and hardware. The flight path display alone cannot
resolve all of the display hardware deficiencies, but it will represent a sliificant
step forward toward that end. Specifically, two of the three degrees of freedom
through which fuel management is accomplished are inherent in the flight path display
(i. e., airspeed and altitude). On the other hand, the complete resolution of the soft-
ware aspects of the fuel management problem is planned as an integral part of the
flight path display development.
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The flight path display is naturally suitec, to the presentation of breakaway
commands necessitated by a critical fuel state during ACM. A number of alternatives
are wnder consideration, but the exact method of telling the pilot that the breakaway is
required because of low fuel has not been completely defined.

2.2.2.2 Energy- Maneuve rability Information

The realistic application of energy-maneuverability concepts during ACM is
universally regarded as a requirement by the lighter pilot community. Yet, to date,
no satisfactory energy-maneuverability displays are available. In the approach we
have taken, the application of energy-maneuverability constraints would occur auto-
matically in our "minimum time" mode of fuel management. The energy which the
fighter pilot seeks to conserve is his total energy; that is, the sum of his kinetic and
potential energies. The former is a function of velocity (i.e., airspeed), and the
latter is a function of altitude. Again, these two parameters are inherent in the flight
path display.

In the case of the energy-maneuverability display, "where" the information is
displayed is just as important as "what" is displayed and "how" it is displayed. If
the information is to be useful during ACM, it should be displayed on the head-up
display (HUD), since ACM requires the pilot to be "head-up" at all times. The ma-
neuvering flight path display meets all the "what, " "how, " and "where" requirements
of ene rgy- maneuverability. It provides in a HUD each of the required dynamic and
attitude information elements in a natural but distinguishable manner.

2.2. 2.3 Performance Limits Information

It has been demonstrated in the past thac well-trained fighter pilots using exist-
ing cockpit displays cannot consistently fly their aircraft to the established perfor-
mance limits during ACM. Indeed, they are Lble to realize only seventy-five to eighty
percent of the available capability. In other words, today's fighter pilot cannot deter-
mine from present instrumentation his exact position within the performance envelope
as he maneuvers. Consequently, he cannot accurately assess the proximity of his
performance limits. The higher limits are protected by the onset of high acceleration
or g loads and are seldom violated. However, one might well wonder how many kil'.s
were not logged in the past because of the pilots' reluctance to approach those! upper
limits. On the other hand, we are all aware 3f the costly accidents which regularly
remind us that the lower limits are easily exceeded.

Aircraft performance envelopes are usually defined as functions of altitude,
acceleration, 'Mach (velocity , and time. Performance limits are often referred to
as simply V-N limits (i. e.. airspeed or velocity, V, and normal acceleration. N).
Again, the maneuvering flight path inherently contains each of the parameters involved
in this matter: altitude, airspeed, and norma.l acceleration. Altitude and airspeed
have been discussed previously. Normal acceleration, N, is implicit in each attitude
change depicted by the flight path, since each such change involves a related change in
acceleration. The flight path is constructed 3o that aircraft limits are never exceeded.
The pilot, by staying on the flight path, is assured that he is operating within limits.
During ACM, the flight path will enable the pilot to fly up to the maximum limit of the
aircraft if this becomes necessary. The plct can always exceed the limit if he wishes,
since the flight path does not control the aircraft. We think such a pilot option is an
indispensable safety feature.

From the discussion thus far, it is clear that the flight path display provides the
means for the pilot to exercise precise control of his aircraft during ACM. There is
no reason why its capability could not be employed just as effectively in other flight
modes. For example, extended flight under instrument conditions should prove to be
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significantly easier with the tlight path display than with conventional instruments.
Indeed, every mode of flight should benefit from the flight path display, bath in terms
of reduced pilot workload and improved flight control.

2.2.3 1'ire Control/ Weapon Delivery Information

The common objective of all fire control and weapon delivery systems is to
define a trajectory which, if flown, will enable the pilot to hit the target with the
weapon involved. The intrinsic value of the flight path lies in its ability to define iast
such trajectories and to enable pilots of moderate skill levels to fly them effectively.
The precise manner in which ali elements of the required fire control and weapon
delivery information will be presented to the pilot is not fuzlly defined at this time.
The final details of this matter, however, will be worked out in the course of defining
the scaling and display dynamics requirements for the flight path.

2. 2. 4 Navigation/ Traffic Control Information

The navigation and traffic control information display problems are very
similar; therefore, we will discuss them together. Both involve flight around or
between specific spatial locations in a specified manner. The most notable differ-
ences are the distances -nd the fuel management modes involved. Navigation involves
greater distances and is usually accomplished using a "maximum range" power
setting;, traffic control involves small holding patterns which are generally flown at
"maximum endurance" power. In both cases, all of the information needed by the

pilot to fly the required trajectory is inherent in the flight path: heading, altitude,
speed, attitude, and end points.

2. 3 IN FORMATION CONTENT SUMIMARY

Now that we have grained some familiarity with the flight path display concept.
let us review its information content in comparison with some of today's HUD pre-
sentation formats. Figure 5 summarizes this comparison. The most important
point to be made from Figure 5 is that the flight path display can provide more infor-
mation than the conventional HUD formats with significantly less display clutter.

3. 0 DEVELOPMENT OF THE MANEUVERING FLIGHT PATH DISPLAY

As we mentioned previously, the concept of a flight path display is not new.
However, when we started our study to determine the feasibility of developing an ACM
display, we had no preconceived ideas of the matter and resolved only to start with
the basic requirements and proceed from there. Accordingly, we planned our study to
include in the noted order: the determination of the pilot information requirements for
ACM; the definition of ACM display requirements, including the synthesis of the dis-
play concept; and the analysis and evaluation of mechanization techniques, including
the selection of the most promising approach. Each of these phases of our effort is
described briefly in the discussions which follow.

3.1 DETERMINATION OF PILOT INFORMATION REQUIRETMENTS

Operational integrity was judged to be a principal requirement for an ACM dis-
play. To insure this operational integrity in the hardware, we knew that the basic
information requirements had to be operationally sound. We therefore looked to the
best source of operational information we could find - the pilots themselves. We
spent considerable time discussing pilot information requirements for ACM,% with a
number of operational fighter pilots. Throughout our discussions we emphasized
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that we wished to find out only what they needed to know during ACM. without regard
for existing systems, hardware, state-of-the-art capabilities, or any other physical
constraints. As they stated each of their information requirements, we persisted in
finding out why they needed it. With their help we thus probed our way through the
problem, and were able to establish what we believe to be the basic pilot information
requirements for ACM.

The pilots were asked to define an air-to-air engagement in terms of its phases.
identify the objectives of each phase, and describe the information required to achieve
the objectives. The results of the interviews are summarized in Figure 6. Simifi-
cantly. two types of information requirements emerge - the "What Should I Do ?" type
and the "Hou Should I Do It ?" type. The former relates t6 the tprget aircraft and what
it is doing. The latter relates to the pilot's own aircraft and how he must fly it.

3.2 DEFINITION OF ACM DISPLAY REQUIREMENTS

The primary objectives of an ACM display are to reduce the pilot workload by
presenting "solutions" information, and to decrease pilot reaction time by presenting
the information in a readily assimilated format.

The merit of displaying "solutions" insLead of "variables" information becomes
readily apparent when we consider the number and frequency of judgments which the
pilot is required to make during ACM. For example, the "What Should I Do?" infor-
mation requirements of Figure 6 alone involve 2S conditions which, in their various
combinations, result m 2. 160 possible engagement states. Even under the most
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favorable circumstances (and excluding completely the "How Should I Do It ?" param-
eters), the pilot cannot read the variables involved and perform the mental integration ,
required to arrive at a discrete solution of his ACM problem. However, this is the -
type of task at which a computer excels. The obvious approach then is to let the com-
puter perform these tasks for the pilot.

At this point, let us further define what we mean by "solutions" information.~Consider for a moment the physical act of flying an airplane. Basically, the pilot

~controls the vehicle by manipulating the control stick, the rudder pedals, and the
throttles,. These controls are applied in a coordinated manner to produce desired
changes in airspeed, altitude, roll, pitch, and yaw. As cockpit instrumentation evolved,
it became accepted practice to satisfy these and other pilot information requirements
with instruments that were dedicated to the display of single paranmeters or, as in the
case ot attitude indicators, a group of related parameters. Generally, the pilot was
able to integrate the information from these separate instruments so effectively that
he could successfully control his airplane solely by reference to the instruments. The
arrangement was simple. The machine provided information on the state of the con-
trol variables, and the man provided the "solutions" which enabled him to close the
control loop.

As aircraft performance and system capabilities increased, however, the pilot
had to deduce the "solutions" in progressively less time while performing successively
more system operating functions. The inevitable happened - the pilot began to fall
behind his airplane. More to the point, the dynamic capabilities and system complexi-
ties which characterize the present generation of fighters virtually prohibit our contin-
uing with this conventional treatment of the cockpit. What must we do to again get the
pilot out aLhead of his airplane ? We must provide a system which continuously cor-
relates all of the variables, makes all of the purely logical decisions, and displays
those decisions to the pilot with as much "situation orientation" information as pos-
sible. In so doing, we enable the pilot to exercise intelligently and responsively that

overall control over the system for which a machine could never be programmed.

The display requirements for ACM must, therefore, reflect the philosophy of
presenting all of the purely logical decisions together with an accurate and easily
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understood representation of the prevailing situation. All of the system functions
involved in a modern fighter aircraft (i.e., tactical control, aircraft performance
control, tfire control/weapon delivery, and navigation/ traffic control) are simply
physics problems which lend themselves to relatively straightforward solution by
machine. Indeed, in a modern fighter, the sensor and computer elements working
together are capable of detecting another aircraft, calculating its relative dynamic
state, determining the maneuvers required to 3ngage it uinder the most favorable
conditions, and initiating the necessary initial maneuver before the pilot is able to see
the other aircraft. Therefore, we required that our machine solve the physics prob-
lems. Displaying the solutions together with an accurate and easily understood repre-
sentation of the prevailing situation strongly implies a presentation which is analogous
to the real world. In the real world situation, the pilot is trying to make good a par-
ticular trajectory or flight path relative to his target or targets. This real-world
flight path. though invisible, is particularly easy to visualize as a real-world entity
since it is visually compatible in every respect with the real world. Thus, we can
display a flight path (the logical decisions) in tte same presentation in which we display
all of the known target aircraft (the prevailing real-world situation), and the tactical
implications of the situation will be immediately and easily understood by the pilot.
Accordingly, the flight path plus the existing real-world tactical situation meet com-
pletely our display requirements for ACM.

:3.3 ANALYSIS AND EVALUATION OF MECHANIZATION TECHNIQUES

In the course of reviewing the various ways of mechanizing the maneuvering
flight path display, two noteworthy observations were made. First, it became ap-
parent that the problem we faced was primarilv a software problem and that, gen-
erally speaking, the hardware requirements could be met by any number of presently
available head-up displays (I-U D's). Second, the application of practical conctraints
to the multitude of computations involved would serve to make the computations more
manageable and feasible for mechanization.

The principal benefits of being able to confine the problem essentially to soft-
ware is that the development time is significantly -shortened and the total costs Asso-
ciated with the display are minimized. A corollary benefit which is sure to have
widespread appeal is that existing HUD hardware will not be forced automatically into
obsolescence but, with relatively minor modifications. should be able to continue in
service.

The application of practical constraints to the computations consists of working
out the physics of the flight path during ACM n aircraft coordinates, rather than
earth reference coordinates, and in developing a set of realistic engagement rules on
which the generation of the flight path display would be based. The merit of working
in aircraft coordinates becomes apparent when we realize we are working the ACM
problem from the "inside out." In other words, we are observing the tactical situa-
tion and determining the related flight path sciution in the same context as the entire
matter would be seen by the pilot, say through the windscreen. Figure 7 shows the
simplified geometry of an engagement as it 'appears from this viewpoint, in terms of
the basic aircraft reference parameters. The obvious advantage of working in air-
craft coordinates is the savings in coordinate transformations which it affords. A
log~ical extension of this rationale led to the engagement rules which the flight path
uses. Although the use of engagement rules admittedly limits to some extent the
validity of the flight path solutions, this is not regarded as a problem. The highly
dynamic state of ACM necessitates that the flight path solution be continually updated.
This steady flow of solutions produces a convergent situation in which small errors
LP individual solutions are negligible in the aggregate. rhe care aind understanding
with which the engagement rules are postulated can, of course, determine the fidelity
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of the flight path. We believe that our flight path display will possess the required
fidelh y.

in summary, our mechanization of the maneuvering flight path display invAves
the development of new software which, in the interest of feasibility, reflects the
most realistic application of common-sense rules to ACM that we consider to be
practicable.
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3.4 PROGRESS TO DATE, PRESENT STATUS, AND PLANS

The basic requirements work on the maneuvering flight path display has been
completed and development of the flight path so'.tware is in progress. This effort is
expected to continue through the early part of r.ext year. The intention is to mecha-
nize the fundamental control algorithm first sc that the development can move to the
simulator as soon as possible. We can thus pcoceed with the necessary scaling and
display dynamics adjustments while development continues on the software required
for the various systems functions (e. g., fire control/weapon delivery).
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The first phase (which marks our present status) will consist of the develop-
ment and test of software and hardware. Our second phase, which will parallel the
first phase to the extent practicable, will consist of refinement of the system on our
fixed-base simulator. The third phase, which will commence only after the system
is determined to be functionally sound, will involve verification of system perfor-
mance on our large amplitude, moving base sirulator. in our final phase, we plan
to validate the operational suitability of the flight path display in flight through im-
partial, head-to-head ACM encounters. Barring some unforeseen difficulties, we
believe that maneuvering flight path displays can be flying in operational aircraft
within two years.

4.0 CONCLUDING RE.MARKS

This paper has described an advanced display concept known as the Maneuvering
Flight Path Display and what we are doing to mechanize it. We believe that the display
will prove to be pra-Lica! and will fulfill all of our expectations for it in terms of sys-
tem performance, flight safety, and aircrew training. However, we are not suggest-
ing that it will cure all of our cockpit ills. While the flight path display will success-
fully meet a number of critically important cockpit display requirements, there are
many other display needs which it cannot meet. Our ultimate goal is to satisfactorily
meet every controldisplay need in the cockpit. The maneuvering flight path dispiay
is our first step toward that end.
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RATIONAL STUDY OF AIRCRAFT PILOTING

by

Mr. Klopfstein
Senior Ordnance Engineer

Acquiring the Necessary Data

Aircraft instrumentation is the outcome of a series of breakthroughs
nade possible primarily by technologic progress in the areas of precision
engineering, electronics and more recently EDP. However, no rational
study of the data necessary to pilot an aircraft seems to have been made
as yet.

Suppose for a moment that there were no birds or flying insects in our
world and that the idea of "heavier than air" flying machines was a recent
one. What would a team of engineers who had just discovered aerodynamic
lift and were designing the first flying machine do to make the machine
controllable by an airman?

Before embarking on their research they would try to define the ob-
jectives. The principal aim in piloting a flying machine is of course to
take it where the airman wishes it to go.

In piloting an aircraft it must be made to follow a desired trajec-
tory. In the light of this definition the airman must be given the

- means of action and

- data

necessary to accomplish his work.

Let us begin with the means of action.

To adjust the trajectory of a moving object a force must be created
perpendicular to that trajectory in the direction in which it is to be
altered.

Our team of engineers working on the construction of the first
flying machine would probably reach the conclusion that for atmospheric
flight the best solution is to "guide" and "modulate" the lift force.
The first aircraft would therefore have a lift variation control surface,
i.e. the elevator and a lift guidance control surface, i.e. the roll con-
trol. It would also be equipped with a flow symmetry control surface
acting on the side-slip balance, i.e. the rudder.
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Probably the solution would not be so very different from our
present-day concepts.

For an aircraft flying fairly rapidly without servo-controls it would
be difficult to do without the magnificent properties of the lever.
And so a "joystick" would be fitted.

Now for the necessary data.

Let us consider again our definition of piloting which consists in

causing the aircraft to follow a predetermined trajectory.

The first instrument which springs to mind would be the windscreen

(if only by analogy with car driving during the take-off phase).

This instrument might appear useless or even detrimental in some
cases: cruising towards the sun, cruising at night, landing with zero
visibility and ceiling. Some apparently competent engineers have even
tried to build an aircraft without a windscreen. But this instrument is
essential (even if it must sometimes be covered) if only because of the
extraordinary scenes which can be observed through it. Since the "good
shape" of the crew is an important safety factor this instrument must be
retained whenever possible.

As the aircraft must be taken where the crew wishes it to go,
the first item of data given to the pilot would have been the trajectory.
This is the collimated velocity vector.

We all know that a pilot has never been able to obtain this informa-
tion accurately; it is sufficient to reduce the thrust over a cloud mass
and ask "at what point will we encer the clouds?" to realize just how
useless the windscreen might seem because it does not give the desired
information. Other examples clearly illustrate this shortcoming:

- the aircraft is arriving close to a mountain peak. The altimeter,
QNH and temperature, added to the static error of the aircraft, give a
better answer than the external world to the question: will we pass
over the top (or not at all)?

the inexperienzed pilot who lines up correctly over a runway butf

is more often than not far too long.

- serious errors in fine weather nighttime approaches detected very
late by experienced pilots when operating on special terrain (desert

areas, seashore, no glide-path).

Some will say that aviation has managed up to now without this infor-I
mation. Which is of course true, but the main cause of incidents, often
without gravity, is landings which are rather short or rather long; in
most cases the mistake can be remedied by a burst of acceleration or
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vLgorous braking unless other aggravating circumstances (high wind gradient,
iced runway) turn the incident into an accident.

Out team of engineers would therefore supply trajectory data at the
windscreen. The aerodynamic expert would then make the following comment:

"Piloting an aircraft consists in bringing the trajectory to the point
at which we are aiming - but we must be in a position to do so..."

This means in effect that the aircraft must fly and continue to fly.

Lift must be ensured and for that to be the case the airflow
around the structure must be satisfactory. This condition is achieved,
in an incompressible medium, when the angle of attack, i.e. the direction
in which the airflow arrives, remains within precise limits. The pilot
must therefore know the angle of attack.

What solution has been adopted up to now? The equation for the lift
of an aircraft shows that with a given load factor and a clearly defined
mass there is a "biunivocal" relationship between angle of attack and the
reading of a differential pressure gauge, sometimes known as an anemometer.
This equation, for an incompressible medium (at low speeds) is not affected
by altitude or temperature.

There was therefore a good substitute for an angle of attack-meter.
The pilot had to be careful not to stall in a very tight turn and to add
on appropriate extra value to the instrument reading when the aircraft was
heavy. But the lowest landing speed, allowing a reasonable margin, is
always obtained for a given angle of attack, always the same regardless
of the other conditions (altitude, temperature, mass, load factor). With
a good angle of attack meter there is no need for an anemometer in the
approach phase.

This does not mean that the anemometer should be removed altogether.

When the safety limits are represented by a distribution of pressures
which areliable to damage or destroy the aircraft, a differential pressure
gauge giving a summary of these pressure values becomes essential. It may
also be useful to graduate it in terms of speed for clearly defined pressure
and temperature conditions. But this is only a coincidence (although a
very useful one... ).

When the limits are represented by the appearance of recompression
waves (shock waves) which may destroy the pitch balance of the aircraft or
dangerously impair the effectiveness of the control surfaces it is essen-
tial to measure on obard theparameter which defines the appearance of these
discontinuities in airflow. A mach-meter is absolutely essential. In
short the choice of necessary data must not be based on routine, empirical
observation or the-principle of authority but an analysis of the aims to
be achieved and the safety conditions which must be observed.
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The same reasoning holds good for the power or thrust controls.

A (transport) aircraft will fly almost all the time on a stabilized
flight path, i.e.

- practically straight trajectcry

- constant rate turns

- climb and descent observing one or more parameters (angle of attack,
slope)

- straight final descent with .4ncrease of angle of attack in stages...

- in most of these cases the longitudinal equation shows that the
thrust must balance the difference between drag and the component of weight
along the trajectory.

The aim of thrust control is ta-erefore to adjust it as function of the
difference: drag less component of weight on the trajectory. But for
decades engineers have persisted in giving pilots a mistaken idea of thrust
in the form of flow values (which are not altogether unsatisfactory... ),
engine rates, pressure ratios or differences, various temperature values and
even surfaces (e.g. position of nozzles when the output section varies).
These are all safety parameters: excessive engine speeds may cause the blades
to deform or the turbine disc to burst and an excessively high temperature in
front of the turbine may give rise to the shame phenomena; a flow rate which
is too high may cause an excessive load on the compressor while a set of
parameters may give rise to an airflow around a compressor blade which is
incompatible with its aerodynamic characteristics (limit of compressibility).

The fact of remaining - with reference to a space of n dimensions -

in a given volume representing the correct area of operation of the engine
corresponds to the limits encountered when the aircraft is in flight.

But while remaining within these limits it must be possible to adjust
the controls as a function of the needs of the aircraft, i.e. the difference
between drag and the weight component.

An example will clarify this analysis of the aim: take the case on an
aircraft whose pilot wishes to fly level (zero weight component) at constant
incidence (i.e. constant speed). The power controls must be adjusted to
give a thrust equivalent to the drag.

If the undercarriage is lowered while wishing to maintain the same
altitude and speed, the thrust must be increased.

If the aircraft is put into a turn, the increase in drag due to the
induced drag must be compensated by an increase in thrust.
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To sum up, if a constant altitude and speed are maintained, different
thrusts will b~e needed depending on the particular instance (undercarriage
raised or lowered) and on the rate of turn... .but the difference thrust less
drag must always be zero.

A pilot who has at his disposal a perfect thrust indicator (which is
in any case a myth) would therefore have to remember the thrust needed in
all cases.

If an indicator displaying "thrust minus drag" is at its disposal, he
only needs to remember one figure ... zero, for all cases.

To sum up this first section, piloting an aircraft means flying it
where the pilot wants it to go - in other words the information required is
the trajectory.

For safety reasons, a satisfactory airflow must be maintained around
the structure on take-off and landing, in other words the information needed
is the angle of attack.

The controls must be adjusted as a function of the difference between
the drag and the weight component which must be indicated to the pilot.
The safety conditions are obtained by correct control of the "engine
parameters". We have of course disregarded here the problems of naviga-
tion and range in connection with which flow-meters, gauges and a chronometer
are extremely useful.

Definition and Elaboration of Data

Without considering the studies and experiments which led to the results,
the basic idea was to present in a simple and intuitive form the two funda-
mental data items, namely trajectory and angle of attack, with the aid of a
single moving reticle. The following simple assumption is used:

"The velocity vector of the aircraft in relation to the mass of air
is equal and opposite to that of the air mass in relation to the aircraft..."

In more figurative but perhaps clearer terms:

"The aircraft advances in the atmosphere in the direction from which
the air molecules reach it."

If the air molecules arriving from infinity at the pilot's eye (disregard-
ing any deflection) were "red painted" this red point would"

- represent the future position of the aircraft if its flight path is
not adjusted (tangent to the trajectory), considering this red point in
relation to the landscape, and
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-the direction from which the air molecules arrive, considering
this red point in relation to the longitudinal axis of the aircraft, i.e.
by definition the incidence.

Figure 1 illustrates this principle.

In the three cases the aircraft:

- is in a correct descent plane (30 for example)

- has its trajectory oriented in the descent plane (to reach beginning
of the runway) so that in all these cases the trajectory reference is
located as the beginning of the runway which itself is situated 30 below
the horizon line.

The three images of the outside world a, b, and c are therefore
identical. If the aircraft were removed the 3 images would be the same.

On the other hand, in case a, the aircraft is moving too slowly
and is at too steep an angle. The runway and trajectory refererce are
very low in the windscreen.

In example b, everything is correct while in case c the aircraft is
flying too quickly, its angle of attack is too low and the whole image is
at the top of the windscreen.

If therefore, wer represent, e.g. by a cross, a direction which is
fixed in relation to the aircraft, representing geometrically the correct
approach angle of attack a (with reasonable safety margin) the moving
reticle (red dots) and fixed cross together give the 2 necessary data
items:

- trajectory

- incidence

The red dots, observed in reLation to the "outside world" show the

future touch down point.

If they are below the fixed cross, the air molecules are arriving from
too low a point and the incidence is too high.

If they are above, the incidence is too low. When they coincide
the airflow is correct with a certifiable margin at the lowest landing
speed.

To actuate this reticle only a simple angle of attack probe is
needed. Without going into detail, it is sufficient to note that the
measurement of angle of attack on an aircraft is at least as simple and
reliable as the measurement of static pressure and is even theoretically
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less sensitive to the position at wV.ich the probe is installed.

The relationship between the local incidence measured by the probe
(at practically any point on the aircraft) and the fuselage incidence
is linear for a given configuration and mach number. The only drawback
lies in the fact that if the system is to be extended to all aircraft
situations the lay must be corrected as a function of themach number.

Once this law has been establiihed, it is sufficient to position a
reticle on the fuselage incidence at scale 1.

This is essential as a change if scale would cause the trajectory infor-
mation to be lost. The information needed to control the engines is easily
obtained by measuring on board the aircraft the "reduced variation of the
total height." If an aircraft is at the altitude z its potential energy is
mg z. Its kinetic energy at the speed V is 1/2 mV

2

Total ener is. , !.e s , 4m

E = n'g z - 1/2 mV:
The quantity E = z i is hcmogerous at a height. it is krcwn as the total height H.

This means that an aircraft flying at an altitude of 1000 m at 2C0 m/s can theoretically
chmb in a g'lde to

1000 = 1CO -r 2000 = 3000 m
2 9381

The derat:ve of total he ght is

H' = z + V. V
g

We dxvide by the speed value to obtair a d.mensionless number. The reduced derivative
is therefore
H'=z _V

V V g

The first term Z  reoresents the sine of the slcpe
V

The second term K reoresents the acceleraton on the trajectOry expressed in units ' g

This quantity h.. e reduced variation in total height, is known as total slope or sometimes.
V,

less co,retly. as the oDtent-al slope.

This relationship signifies quite simple that the reduced variation
in total energy is represented by the sum of the slope (representing the
reduced derivative of potential energy) and the acceleration on the
trajectory (representing the reduced derivative of kinetic energy).
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In fact when the slooe is positive the aircraft climbs, so that its potential energy increases
and vice versa.
When it accelerates on its trajectory its speed increases so that its kinetic energy increases
ano vice versa.
From tne genera;e~ac of flight
T -Rx - rgsir. =mr

n'-ere 7 ! hrust. ;;y = drag. T s~ooe and T =acceleration cn 'he trajectory, we obtain

Mg.

V 9 V
T - Rx - -

FIGURE 2

The total sloce is therecre an expression of the excess (or deficiency) of thrust over drag.
The value sin v -Y cani be measured oy an accelerometer permanently fixed according

to the tra;ectory for %-.ich a gross indication would be obtained (without correction for
gravity -,o -.eiain tre le~rn sirrl)

jX Aircraft axis

FIGURE 3
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For greater sirnof~ct' creference is generally given to two fixed accelerometers secured
accoroinc to !he axis c' %e aircraft ano the C'erCeroicular axis Locateo.-n the place of symetry
of the aircraft Their grc ss iraications (wt1nout correcticn for gravity) Jx and Jz are introduced
into a sm,'- I ccmpuler *:o c.%.e the vafue .ix cos o - Jz sin a (Q =rselaqe argia of attack)
whicri represents the p%.c :ion of tth.e ,a accelerations into the trajectory. i e as previously,

the value sin 't .1 = H
g V

If we odd 1c, the veocitv veclor at the windscreen, wnch I: n tact a sicpc r ,,-:.:2rs. a retice
giving t-itai slope Ine dsla'ice teriveen the second reticle and tnie 'irs*: 9-es an intuitive
image of acceleration on the trajectory. See figures 4 ano 5

Of Kr,2!C :

.3 IT3Ion Cl - r aiton zoien*'a. e-rg; * af,a: ,r kietic energy

FIGURE 4

total slope

Velocity vector 000 090

acceleration dec erat on in acceeration n daze~eration n a:
on level climb climb descent in des, cnt

FIGURE 5

When the reticle reoresenting 114e total slope is above the ttree red points rePpresent'ng the
velocity vector the thrust is too great to Valance the flight .freajrcraft acce!erates Wher it'is
below the three red points, thrust is inSLfficent the aircraft aeceerates
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The total slooe reticle can be controlled with the thrust lever (term T). It can of course

be influenced by any variation in drag (lowering the undercarriage, changing the speed or

configuration etc. : term Rx) but this is an ADVANTAGE.
This system is infinitely better than the " fast-slow " indicators which are sometimes installed

as it indicates a variation in angle of attack which will take place and not a small differpnce.

A correction must of course be introduced by stating :
acceleration = recdction of angle of attack in stabiized trajectory
deceleration = increase in angle of attack - but this is extremely easy to grow used to.

This system is ultimately very simple and consequently both reliable and inexDensive. One
single drawback results from the fact that the" total slope" reticle must be positioned from the
horizon. The vertical error is therefore introduced (which is not the case with the velocity
vector).

USE OF THE INFORMATION - ACCURACY OBTAINED

The use c' t-e traetcr.: reference is seif-ev:dent A *heoretical study shows that the
pilotac..:, .t :e ret c e u.nrc the 2elut contro, ,S e'y coCse to that of the aircraft attituce
(turnuorc- teim- ", :2rea aut :n reiation to the aircrstt a.:s).

Te acbra. c-e.ed :S r' :e orer of a tent, o a oecree in a calm atmosohere and of half
a decree a- '.cra-e :-'- e-ce t cecerds o' course Cn *ne type of a:rc-aft Random errors n
tne or:,er o-D a .aecree - ve no influe :e .%raever on tne traectory cctainea as their mean
value :s ea a .::"-e :riec~cr, is r :e ntezral o sceel. in other .'ords in essence an
averace A, s,, ;em -1 e'o ; s caused Dy :lie v. n ,..ricn neans trat the ground trajec:tory
s n ot t e sa'-e as te a~r t-.e::ory

The win a t:tccu es a .e- ca cirift v..nch means taT ,f wve aim at a point on a runvay
wth toe a.r e c:tv ,. eo r ,'I's point .. ce reacnec c. Zescr;oic a i; a of ' dog-leg " cur',e
a r rox, m a . c ose,, to a straicr.t -ie Toe :e:-t:on of this dog-leg curve is very
s g ht s;-ce -e " o-, o o .ne ect ,te nescen- _:,ane form a very ow angle with the
wind Z cse to the :r r' "-e ,'!nc is a:.'.ays horizcrta .nd the aescent Plane is at most
3 or 4 aege:s ;rom :r'.e no, zo-*ai so toat rift !s therelcre very sight

Te visua ,'.asion of aeepenmng :s. now.ever. cors;:jerable :when the pilot is 10 feet
Celov the ies ern: 3re :t 200 metres ;tom the zont aimed at or toe runway the !ine of
sight forms 3. ar-og e ,'om -e nor zontai of ciose on 30 H: 'ess than tne ncrmal descent anc:e.
The m ress co of iaten"qs therefore very great in te linal aoprcach phase although the
position is oniv very sticg ;y telow the theoretical descent plane.

Since this drft !s easy to correct. it s perhaps more logical to Introduce a correction
obtaneo oy a s;moe formuia - figure 6.

correct on = selected descent plane X wind speed
aircraft speed
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FIGUJRE 6

W _ a'r so irsed

In effect air sp = i pe

Sin( SinT' S

This correction can easily be introduceJ into the reticle of the \,isuaI gidance system
(head up display).

It Wo aOf Cz .JrSe nt' :zo sibIe to ird:? t*.e grou-cd t',aectorv Lit ,his Cala w.ould recuire
a comoze'.- and uno-n.> etnoji c;! zetermr_-t._n aric wouid aiso riot
enac'e

-angon c' a 2 K~
H fare--. :)u coucn -m .'n coint to be sho,,n.

:I:: e; -)r r :-)- : _:st e d.se ~r 1;r, a~~3 acpr c thIie au re is he r
rn DercCc * 'i .. e s: r: cut from ne :crc e'-_,an

Jse o4 ::f Za-, rlormratoni. :"e:c:-;*' rcc-a*: s :r-vs-e
,n a o'\:r- Ir. ?e t ::! dex mut ur e : . -: c r, 3::_- a _ 3 e :
attaCK IS 'c C(- ana cz- cw it otnrerv.,,e V. ren -~e 1-:i e o*, at'--c s : Dre i s ccs 7j

S:rCe e .ers cu :e the -C vec:.or

Tiie tot:! &~c~n~ec -Jex may ne saic 'c ar*nte v e c c.tY cc ni 9te axe s
nked toa the ai~cra~t

'.h'~n :-?:'~s:0 O~te C._*: pC -D.- 1a- trC -o~:~MCiet h
11'r tOns ca-, so? a12S an rse o:c r~ t n ~e 23sStO

WNhen tea-:: e o3 tt-o- .s :orrect. tOCr t ererc. c, n *e n ce SZs th , e M.a x i Mum.
s;O~ c n c n e 2~~ :7j

Under ncr-c- Iri re ru.e 'o)r 2fln !S as :C.

-n mo at, .:s t,~ te a, C e ~e' c en s.;e cr e,:! a r.c le 0f atta ck
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Under r,z-r-ai l cI~
trajectcr ,. nc~cence. :aienergy.

In ',he eve'it of engine fa!,ure
- deterrr:nation of optimrum angie of attack by influencing the trajectory in relation to the
energy rcex
- action on trajectory to display maximum climb angle.
The pitch7 att;tude is no !orger piloted , his is unnecessary
- as the piloting aims d!efned above do not require it and
- because it will in reality be better piloteo because it represents the sum of trajectory
slope and angle of attack.

The latter relationship shows that the attitude information created an unnecessary redundancy
which comp~icated the Pilot's task.

FIGURE 7

Since in fact the attitude 6 is equal to the slope -r piusa, it is clearly impossible to "disclay
a priori an attitude and an indicated air speec. i.e. an ange of attack and to ottain
at the same time a suitable slope -r since the slope will resuit from the value for 6 and a
However. Y is an objective and ct a safety condition :it is therefore only possible to eliminate e
Of course very good vertical references are needed in an aircraft to measure, witri the
velocity '.ector, the trajectory slope. As the velocity vector is obtained to 1/10 th of a degree.
Droaress must clear~v still be made (excludinc nrertia in. vert~ca! Qvrcs.

Flare-o-it and inoact become very methodical cce'ations :the final phase of landing
ccrsists of acjus*:-g *The !r-2ect:ary -,c ctain a slope g:v no a vertica! sceea compatible with *Ihe
limits or ',ne a:,craft struc*.ure anc tt-e comfort of :nie passengers

T h;s siope is C) 6 to 1 ' for iiost aircraft.

At a g!vo , tuo it tS t-erefore suf'o~ent to display this sbope, hola I1 and reach the ground.
This raneuvre .Ds reiat::n to tne mrethod recorrm-encod bv certain aerotatic Cilots
who c!,-arr !c be ae c a1ca a- Cr~e an I reaor- 'z"e C;- -nc --ley forget that 3 to *5: knots

less than the non :: -Icc-tion co., result in an inricelce 1 hi: ner kat the same att.:uae)
ano hero~eto a n aer 'a~c~cr .:e. it.-7I yrJ ThsMEa-s a vertical moact s.-eec

whicl s t'.. ce as , r, -act Liots cc r ot mantain the nJtC-) but unconsocuslv
impart a crt curve to .t cefore tr- 0:-Duno.

244



The air veiocity vec*,cr s; of very, :,eat inteie5- .%in ~graoclnt The consStonc,' of the
aim causes the c:_- :.o cur\e *re P.r tratec*or,, S i'.fy wimicut real iZrg :t. 'mrus orecisery

correctny the Ios-s c- : the graijent It tre ,.c* : ,o., his Safe ,'V octrameter, nameiy the
angle of attack .r'crn is rnmeaiatey visiole sno, ine same renc--e is usedi, he wtil at the
Sa3me time ocoserve anr ncrease airce of atlac i oni Ioe carreotea easfl oy immediate
action to ?ciiust tre rut

It is ir~eresting to rote inat no sIpec:al oroc~ourel s requirea A slope refeFrence using a
specif;c: elevation ancle in reraticn *o the I-crzcr. an.~ essentia; acortion to tre information
describ ed
Figures 8 and 9 give examples of uses

-s-iai oce ,2 - v- Zc1'Y vector
-Ar't ceiov. seec c~ s;:p)e

=seieclea
Angle of altaCk slo;)e

refrer ce re ference T

FIGURE 8

In figu'e 8 the aircraft is in a balanced descent at the correct angle of attack but belcw the
selected descent plane.

As the velocity vector is above the sicoe reference, the slope is ocwer than the normal value
The runway thresnic therefore ozzzears ao~ove :n-e slope reterence.

In figure 9 the aircraft is stabiiiz-ec above the se~ected descent plane.

A~ra:a~ov s~a . ~~e /Seiected
______________ _____eoerence 3'

FIGURE 9
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DETAILS OF TESTS CARRIED OUT

hf rs: ex:-=-ent -.. s conoucted on a s:-ulator using an electro-mecnanicaI head up
0.200 S~ i ceent z a runwvav. 7n.s nead uc d socay 'iad %o.n.ttrcut tne,.eloctty

%eC"Cr a"c.0 c:!nC:0ence ieven te rea=f ani svn.:r-tc runw-.av.s nad been obtaneo n
2-c - rc-.j a'or z-ie velocty vector en~abled imrcact to oe reached us:ng cchmirator

.-.tscas Co"rIed Gut us:"-- a r',udelv ma:oe cclimator with a lens ci no more
z m reac~ .a a ~ v.-c wtn .ar~aoie sc.ac: ;,% vhcr. unortunate!,.. cz:n f-ly

Ce Z"C t'%C _,c ~c:O, trcer 'emergerzcy c-o ons tsnrgie criam eieCtr:73! !:c:g.

A :-:~~s..z c feet show~ed a ccons ceraoie imcro.'ement ii cilotina accur ,acy. The
ce atcns a-, :r:rn deviatio-ns .'.ere reoJuced in a rat o of 3 to 4, these two

:aeesrS 0 inger Deing piozea. This was in 1968.

'hS ese3e -2 -12 CE LS 1s desijn a si'mc;,41ed coiimator (movic diamond. fixed line)
ot zo jza cy, .mhch v.as mounted on a standard Mrage !11 B. The aircraft could Tnen be
'anc=c :).. :-,e P:. ct using tie coliilmator.

Otifca exoe-rerts concuctea by the rencn i -. t Tescing Centre (Centre d'Essais en Vol)
fro'::v, e- t-ie ac-:r s .nial lrais. 7hey eracle scmne thrc ilots to effect more tnan four

mz~e~a-cir ciuoinc 30 at nign:,. under concitons of repeataciiiy never ootained
h.:nerto : cr ::.3 -ho rae fam~lar-zeca trnense yes wih nis new system touched down on
the run'vay vtn anemomnetric aieviaticns of a feAw Knozs. a long~tucnal dispersio-n In the
orcer c' one nuncrea metres and a \er-icai speeo c;spersion on impact never before

In the l:ctt o' these first experiments :the French fleet air arm decided to modify its
carrier-bcrne fighters.

In ' -0cT- *ne 's t a.r ; ne *oilots became acquaintecl with the system. As a result -f these
inrormacion 'ens ne CCV expressec tne nope that the trials on commercial aircraft
wouo coriu.Je

The first sirr. -y tujit head uID display~ vas then moun:ed on the Nord 262 operated by
Th e Eco --tna'e Suo6,rieure de I'Aercnautique and contacts were mace with the air traffic
managementl of A-r France.

These conzacts enabled the development department to oiegin ex 'periments with the speed
vector. i, -ic an ex*.ra-.aton of existing commercial ecuipment winich was in fact not very
suitable for tin:s confiouratocn (see next secvionj.

* But the autnor wishes ta remind readers zhat there was no alternative at the time. And it
was !nrouch thie !-iterest shocwn by Air trance in tnese stuies that he was able to obtain
t-e creo: :s t; d '1--..o expierimental units with corn;lezely new technology, perfectly
2 dapte:. :.c Tepresentat:cn of this aata and representnrc in fact the prototypes of head up
dlsoiays wrh 'he velocity vector and total energy which snould be :n commercial operation
\-,;hin a fev.' years.
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Incidentally an exoeriment was conducted by UTA with a view to comparing an Americain
system us-rg aln approxrmation to :he ground trajectory and a French unit based on the air
velocity vector and totai energy.

The total erergy varion'eter has been flying for more tnan a year on the ENSA Nord 262
the ease cf in:erpreiria tne :nformation cotained has gained the unanimous approval of all
civlian and m iitary pilots who have used the sybtem.

The two orclt es of :te head up disoiay referred to above consist
- on tne or e hand of a srna:-szed '.'C head up cisp!ay ccmprising only the velocity vector
(and incidentce) and total energy. The technology is highly re!iable and simple.
- on the ither of an " all weather " unit with a cathode ray tube which also represents
a collimated runway.

The pre-industrial version of the first head up display is now being tested. The second has
given results exceeding the most optimistic forecasts : the Nord 262 can be lanced by the
pilot under heavy cloud cover in conditions under which no automatic system can be
envisaged for the same function today. Many landings have been made with following winds
of more than 30 knots under turbulence too high for an auto-pilot to be switched in under
gyroscopic surveillance alone.

This head up display has been flying since April 1971 and the first landing under heavy cloud
cover was effected on the fourth flight.

In July 1973 this system, although still in the state of a laboratory model, flew more than
500 hours practically without trouble. More than 700 landings under heavy cloud cover have
been made, including 75 under real CAT III conditions.

- Vi

D l y of the vsu al Gu, ance Sysem CV 91 AB IeIoe oid tSy Tho son-CSF

More than 30 % of these landings were made by airline pilots after one hour's briefing and
three-quarter of an hour's habituation to this type of piloting.

This experiment conducted with a majority of Air France and UTA pilots is certainly unique
in the annals of the aircraft intrumentation as it was completed less than nine months
after the first flight.

247

...... .... .... ... ...1. --. . ... ... .. .,ll .. . .. . ... .iIm ... ... . '' .-.. m.. . .J-



HEAD UP DISPLAY ERGONOMICS

A few areas of reticence must still be overcome. They are inevitable but very few. They
are certainly due to the fact that hitherto "head-up display " consisted essentially in
overloading the windscreen with instrument panel data, i.e.. dials, scales. indexes, digits etc.

There were two kinds of drawback to this:
- this data was not related to the outside world. For example if a digit 60 was superimposed on
the top of the control tower it did not mean that the tower was sixty feet high - the pilot
might read a height of 60 feet opposite a reference point but then he could no longer "see.
the control tower. The windscreen had been "eliminated "(see above).

- this data was linked to the aircraft, for example a heading scale was always situated at
the same point in the head up display field. When the pilot read his heading, his fine of sight
was fixed in relation to references linked to the aircraft. However, the whole oculo-motor
system of the human eye is designed for this "detector " to remain fixed on any given object
despite the movement of the body and head. Under turbulent conditions it is therefore
preferable to look "outside "than to read a book held in the hands, an instrument panel or an
inadequate head up display.

The velocity vector and synthetic runway are typical items of information suitable for
superimposition on the outside world in the windscreen ;the two drawbacks referred to
above then disappear.

CONCLUSIONS

The author wishes to thank the Operations Directorate which has enabled him to outline his
views here.

I should like to take this opportunity to request users neither to approve nor reject outright
these fundamental ideas. A period of habituation is necessary and it must be completed
before a judgement is passed.

One condition must be met if the judgement is to be valid the data presented must be
used honestly ;in other words the pilot must not simply observe the new data while still
flying-as he did before.
This procedure could in any case be dangerous.

It should also be stressed that the methods of piloting described above in no way influence
the arguments as to the relative merits of manual and automatic piloting.
For auto-pilot systems the methods described provide above all immediate overall control
data more directly assimilable than that obtained with existing position instruments which
require a synthesis to be made.

It is also evident that in a transitional period during which the airlines will be effecting
retro-fits on existing aircraft, a number of inevitable imperfections will have to be accepted.
Ideally the new principles should be introduced when the cabin is designed.
Despite initial defects an effort must be made to adopt these ideas as the tests conducted
so far have shown that they result in greater control of the aircraft.
The latter point is not only an important safety factor but also perhaps for many pilots
one of the attractions of the profession.
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WIDE FIELD OF VIEW HUD USING DIFFRACTION OPTICS

R. A. Lohmann

A. A. Berg

Hughes Aircraft Company

Culver City, California

Advances in the state of the art of Diffraction Optics make possi-

ble the development of wide-field-of-view Head-up Displays (HIJDs) suitable

for advanced aircraft applications. Diffraction Optical Elements are

lenses and mirrors produced in a thin substrate by a "holographic record-

ing" process. These elements have unique properties which make them

extremely useful in this type of aircraft display applications.

The HUD has become a primary pilot display for presentation of

essential flight information, fire control and/or weapon delivery infor-

mation. Presently available HUDs are limited in a) fields of view relative

to pilot need and b) reliability, resulting in relatively high maintenance

requirements. The development of advanced aircraft with increased maneu-

verability combined with high angles of attack and of weapons with increased

off-boresighr capability results in a greater need for a HUD with a larger

field of view. The aircraft canopy and ejection clearance generally pro-

vides a limit to the vertical field of view. This is primarily the angle

between over-the-nose line to the canopy clearance forward of the ejection

line above the instrument cowl. The azimuth field of view is limited pri-

marily by the space which can be allocated to the HUD's projection optics.

The field of view requirement for various aircraft operational modes are

susmmarized.

The maintenance requirements of present 11UDs are largely dependent

on the CRT and its High Voltage Power Supply life and failure rate. This

is due in large part to the need for extremely high beam currents to meet

the visibility requirements in the high ambient light background again L

which the HUD must operate and the low efficiency of the conventional

combiner.
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With Diffraction Optics, Head-up Displays can be designed with larger

fields of view, improved see-through characteristics, and with brightness

and viewability 2-3 times present HUDs. This provides significant opera-

tional benefit in both greater off-bore;ight capabilities and a more view-

able display. These displays can be de!;igned for current aircraft systems

and for advanced aircraft where a system such as AIMIS would be utilized.

The Diffraction Optics lens is u,:ilized for the combiner of this HUD.

in this application, the optical elemenc is essentially a mirror with optical

power. The diffraction lens provides increased light reflection effi-

ciency, in excess of 80% where a conven:ional combiner will typically have

a 25% image reflection efficiency. Thus, the diffraction optics lens can

reduce the demand for light output from the CRT for equivalent viewability

to a third that of a conventional HUD. This will result in significantly

increasing the CRT and HVPS life and reducing the HUD failure ra t drasti-

cally.

Hughes diffraction optics development for HUDs has been supported

by a USN NADC/NASC program which has developed the basic technology for

design and fabrication of large diffraction optical elements of up to 16

inch diameter. Additionally, a visor display development for the AF AMIRL

laboratory proved the feasibility of lenses on curved surfaces operating

with a CRT image source.

Presently, Hughes is fabricating, a HUD optics unit with an inutan-

taneous field of view of 350 horizontal and 200 vertical. Other charac-

teristics are similar to conventional HUDs. This unit, which will be

flight tested in 1977 will demonstrate the performance characteristics

described.

The diffraction optics combinec shows promise of increasing the

field of view by a factor of 2 horizontally and 1-1/2 to 2 times vertically,

depending on aircraft configuration. Display viewability will increase

2 to 3 times while CRT life can increase through lower drive requirements.

This will result in a significant reduction in life cycle cost for the HUD.

Manufacturing costs are expected to be similar to conventional HUDs.

Applications for the future are expected to incorporate diffraction optics

lenses in the aircraft canopy which will provide new possibilities for

information display and off-axis infor-iation and target tracking, and

svten it ilizat3ion.
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HOLOGRAPHIC DISPLAYS - A REVIEW

Stephen A. Benton
Research Laboratories, Polaroid Corporation

750 Main Street, Cambridge, Massachusetts 02139

ABSTRACT

Holography has produced many spectacular displays for educational,
commercial, scientific and artistic purposes; but it must continue to
advance technically and esthetically to establish itself as an Impressive
and versatile medium. Here we examine the status of holography as an
imaging medium, and some prospects for larger, brighter, clearer, deeper,
and more colorful displays. The properties of available photosensitive
materials and light sources, and reasonable costs, impose a structure
of compromises on practical imaging.

INTRODUCTION

About ten years ago the imaging community was swept by the news1
of three-dimensional laser photography at the University of Michigan.1

The popular media confidently predicted that we would soon be watching
three-dimensional wall-sized television, and reading three-dimensional
books and billboards, after a few technical details had been ironed
out. As the articles in this issue point out, other applications of
holography have come to be more important, and commercial interest in
visual displays has dwindled after an early burst of enthusiasm. With
the closing of the country's largest holographic display facilities at
McDonnell Douglas Electronics Corp. (nee Conductron), the medium has been
left in the hands of a relatively few energetic holographic "visionaires"
who are working generally with meager resources to overcome the obstacles
that display holography has found.

This is not to say that holography has failed to have an impact
as a display medium: On the contrary, many remarkable displays have
been created and widely exhibited with good response.2 Hundreds of
thousands of holograms were published, notably by the World Book Ency-
clopedia, and holographic ftnger-rings were even test marketed as
breakfast food premiums. Large custom holograms have been created
as commercial3 and educational exhibits, 4'5 probably the most well-known
being the venerable Fisher Body' display in the General Motors Building,

* New York City. Holographic portraiture was offered, with Prof. Gabor
an early subject, and holography caught the interest of artists such
as Naumann, Indiana, and Dali, whose works have been exhibited in

* well-publicized shows.6  However, these holograms were created largely
with techniques established well before 1970, and many of the limitations
of the medium have not been overcome as quickly as expected. The images
have remained dim, monochromatic, speckley, and expensive. More recent
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developments are proceeding on a much reduced scale to work around some
of these problems, exploiting properties of holograms that are unique
to displav applications.

TYPES OF HOLOGRAPHIC DISPLAYS

As the introduction suggests, this review will be limited to a
fairly narrow class of displays, in which a hologram is used to store
and present to an observer a three-dimensional image. This image might
be of interest for an educational, ,-ommercial, medical diagnostic, or
other reasons, but its distinguishihg feature is its remarkable depth
and parallax without viewing aids aad viewing location restrictions.
Holograms play roles in other types of displa s, for example as exotic
optical elements in a helmet-mountei display, / as convenient stcres of
full-color two-dimensional moving-map images,8 and in a propostd screen
for autostereoscopic cinemas,9 but these are beyond the presenti scope.
We begin with a review of the types of hologram images that are of
interest in display applications.

TYPES OF HOLOGRAPHIC IMAGES

First-Generation Holograms

A first-generation hologram as ordinarily viewed (looked t.hrough
as a window) presents the highly realistic orthoscopic virtual image
behind the plate, in the location of the original subject. This is the
P"textbook" hologram experience and has been adapted for display in many
ways, such as in 3600 cylindrical holograms. I0  The same hologram can
be illuminated from a different direction (or turned over) to present
the conjugate image, generally a real image that is magnified and dis-
torted, and has the mirror-reversed spatial structure and paradoxical
"outside-in" property that has earned it the description "pseudoscopic."
An image hanging in space, in front of a plate, has undeniable popular
appeal ("you can almost touch it!'), and the conflict of depth cues
in a pseudoscopic image is usually resolved as an apparent rotation
of the image as the viewer moves, 3ometimes a desirable "interactive
involvement."

Second-Generation Holograms

By properly illuminating a hologram, it is possible to project
an undistorted real image, and to make a "second-generation" hologram
within that projection, so that the image as eventually viewed can

come up to and through the hologram, into the viewer's space. Because
the image can be undistorted and orthoscopic, this technique is capable
of a wide range of realistic effects, and is a prominent display format.
Lenses and mirrors can be used instead of the first hologram,12 but the
two-step technique is well-suited for multiple copying, and the two
holograms can be separately optimized for their roles. For ideal
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imaging, collimator-type optics as large as the holograms are required.
An important feature of the process is the ability to minimize the image
depth-of-field by straddling the hologram plane, which allows reduced
coherence of the reconstructing illumination and brighter images. The
range of allowed viewing directions can also be carefully tailored,
allowing an additional "directional gain" of image brightness.

Projected-Image Displays

Holograms can be combined with lenses, mirrors, and other
carefully-designed optics to project images that are much larger than
the hologram, though at a cost of permitted viewing angle13 or resolu-
tion 14 dictated by conservation of the space-bandwidth product (Lagrange
invariant). The concommitant "brightness theorem" limits the luminance
of the images to those of directly viewed holograms of the same size.

Horizontal-Parallax-Only Holograms

We have alluded to the fact that a reduction of the amount of
information that a hologram must reproduce (i.e. reduced depth of field)

can lead to corresponding relaxations of constraints on the display (i.e.
reduced source coherence). This relationship can be further exploited in
ways that are unique to holograms intended for visual display. -For example,
because the eyes are separated horizontally to capture slightly differing
perspectives, and because viewers generally move across a horizontal
surface to enjoy motion parallax, very little of the viewing experience
is lost by completely eliminating the variation of perspective with
vertical motion.'1

5 ,16

Horizontal-parallax-only images are designed to be viewed from a
particular distance, and if the observer moves forward or back, an
inherent height-to-width distortion occurs that increases with depth
from a "stigmatic image surface" (wide ray bundles from image points
at other depths are astigmatic), often the hologram plane. A modest
amount of distortion is acceptable, so that workable compromises of
viewing distance and image depth can exploit the fruits of information
reduction. One scheme permits transmission holograms to be illuminated
with comon white-light sources to produce deep, sharp, very bright
images. 1 7 Many further implications of horizontal-parallax-only imaging
remain to be explored.
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TYPES OF HOLOGRAMS

All of the above image types can be produced by holograms in the
transmission or reflection mode, and both of these can be either thin
or thick (volume), absorbing or non-absorbing (phase, dielectric) holograms.
The properties of the various combinations have been discussed elsewhere,

18 ,19

and will be referred to in later sections. Photosensitive materials for
holography have also been discussed,20 and we limit ourselves here to a few
of particular interest.

Most prominent are the silver halide based materials; their high
sensitivity, wide spectral response, wide range of types, and reliability
have earned them the sobriquet of "the holographer's only friend." They
are readily bleached to produce volume dielectric images,21 and new recipes

for producing bright, haze-free holograms that do not darken are circulated
widely; their physical and chemical actions are often obscure. Materials
such as dichromated gelatin 22 and, more recently, photopolymers23 have
emerged as challengers, without the shrinkage problems and higher noise
levels of present silver halide systems, but their much lower sensitivity is
a serious impediment to their wider use.

ADVANCES IN DISPLAY HOLOGRAPHY

As remarkable as our laboratory images of locomotive engines and
chessmen are, one need encounter only a single designer who wantIs to see
that "seven-foot ketchup bottle floating in the aisle" to realLze how far
holography is from the hopes of commercial graphics. It seems that one
can indeed do almost anything by means of a hologram, until a reasonablekbright image is required. If, in addition, non-laser illumination is
necessary, the holographer soon finds himself in a fairly small multi-
dimensional box, within which he must find the various compromises for a
useful display. We will explore this box by examining some of the technical
implications of questions that often arise when people look at holographic
displays. Space limits us to a general representation of the state-of-the-
art, so that many of the "buts" and ingenious solutions provided by
holographers must be omitted.

"Can You Make It Brighter?"

Hologram images for display applications must be much brighter than
those we now see in dimly lit rooms with blackened walls. A display com-
bines a hologram, an illumination iource and optics designed together to
produce the desired image. Becaus2 the image luminance is simply related
to the product of the hologram diffraction efficiency and the illumination
irradiance, we begin by examining them separately in a simple context.
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In order to attain high diffraction efficiencies, display holograms
are generally of the volume dielectric type. Although they are capable
cf a diffraction efficiency of 100% in theory, in practice the limit is
determined by the onset of diffuse scattering into the image, due mostly
to "intermodulation noise" (Ref. 24 considers practical tradeoffs for
the same problem in thin phase holograms). Materials differ widely in
diffraction efficiency vs image contrast characteristics depending on
linearity of response, low- vs high-spatial-frequency response, and
processing technique2 5 . A luminance ratio of 50:1 at a light-dark
edge would be comparable to a good reflection photograph (1 D = 1.7),
and a diffraction efficiency of 28% at this contrast with bleached
silver halide material is quite respectable, 26 although twice that should
be attainable. Thicker materials with little response to low spatial
frequencies, such as photopolymers, hold out hope for even lower
intermodulation noise levels.

The luminous flux diffracted by a small area of a hologram is
distributed over the entire image, and the larger the image angular
subtense or, equivalently, the viewing zone solid angle, the lower
will its luminance be. The solid angle is often limited by the size
of optical elements and the overlap of "zero-order halo" to about

0.55 steradians ( 30O x 600), though it may be much less, especially
vertically. In order to be easily visible in room light, extended
"white" areas should have a luminance of about 70 nits (20 foot-lamberts).
The scene-averaged luminance might then be about 14 nits, although
the amount of highlight or "black" areas can affect this greatly.

Therefore, the hologram must diffract an average flux density of

M I  14 x 0.55 = 7.7 lux (1)

M 48 mW/m2 @ 633 nm (Za)e

11 mW/m 2 @ 550 nm (2b)

If the diffraction efficiency is 20%, then the illuminance/
irradiance in the hologram plane must be five times these figures
(the diffraction efficiency of second-generation holograms is discussed
below). If the safety requirements for using a helium-neon laser of 5
mw output in a display are satisfied, and a 2x power margin is allowed
for overfill and optical losses then the illumination will suffice for
a hologram area of roughly .Olml (about 4" x 5"). Images of interest
tend to be much larger than this, and unless the expense of an ion
laser can be justified, display holography clearly must depend on thermal
sources of illumination, despite their occasional safety hazards! The
tradeoff between irradiance and coherence can be evaluated with reference
to the requirements for near-perfect visual imaging. Proceeding from the
granting equation, the blur in the direction of illumination for distant
central image points is given by
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02 blur = (A 0 cos Di) 2 + ( _ _ sin 0 i)2 (3)
Xi

where 0 i is the image-to-illumination angle, L 0 is the angular width
of the (square) source, and AX is the width of its output spectrum

(centered on Yi). The perpendicular blur is given by the first term
alone. If we stipulate that an acceptable blur angle is 2 minutes, and
.3 i is 450, then

A 0 2.0 min (4)

A 0.32 nm@ 550 nm (5)

The highest available spectral radiances are provided by the very-
high-pressure mercury short-arc lam-as. These radiate energy into green
(546 nm) and yellow (577/579 nm) spectral lines that are collision

broadened to several nanometers width (c.a. 5 and 7 nm resp.), and
surrounded by a continuum spectrum. Table I cites some data for
commercially available lamps at 546 nm, including a 50% loss for a line-

isolating interference filter. L is the source-to-hologram distance

at 450 required to give 55 mw/m2 at the hologram, and A @ x A 0
is the angular height and width of the source at that distance.

If L is not a convenient distance, the arc can be used further
away with a condenser to magnify its image. Unfortunately, the spectrum
width is far too great, and filtering down to 0.3 nm is not feasible. A

simple dispersion-compensation schEme would sharpen at least the central
image, 2 7 ,2 if the 22-minute image blur were unacceptable.

If the depth of the images is limited with respect to the observer
distance, d, so that no point is further behind the hologram than d/N-l,

or further in front than d/N+l, then the spectrum width and source sizes
can be increased by a factor of w without increased image blur. Because
of the arc spectrum width without compensation, the depth of field
should be reduced corresponding to N 1 10, which would allow magnifica-

tion of the arc, and hence higher hologram irradiance. The image luminance
would increase by less than N2 because the full magnification cannot be

used with a large plate, and depth-of-field holograms, such as the
"second generation" type. Their widely varying diffraction efficiency

is limited to, say, 20% maximum for bright areas near the hologram
plane, such as specular highlights, and is much less than 20% on the
average.29

For filtered continuum sources of irradiance, the increase can go as
N3 , and very satisfactory shallow reconstructions are possible with incan-
descent lamp/interference filter combinations, or in sunlight using the
wavelength selectivity of reflection holograms. The latter will reconstruct
an imagu over a spectrum width determined by the effective number of

reflection layers, m.
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AX Xi/m + 1 (6)

For a 6 um thick emulsion, m 34, AX z 20 nm. (Many reflection
holograms are not completely bleached, so that only a few front layers
are effective.) The size of the sun (AX z 30 min) and spectrum width
are equally limiting at 0 1. 150, giving N z 18 as a depth-of-field- 1-
limitation. Such shallow images are well within the capabilities of care-
fully made integral photographs however, which produce natural color images
in normal diffuse light. 30 ,3 1

A word of caution: brighter is not always better! Beyond the
point where the background light noise becomes comparable to the noise
of the visual system, higher luminance images become progressively de-
graded. 32

"Can You Make it Bigger?"

Although a single lamp can, in principle, illuminate a wide ring
of holograms, operation with condensers quickly becomes limited by
the power their finite aperture can gather. If a condenser of f-number
FN is used to magnify an arc by M (virtual image) to allow illumination
from a distance ML., the diameter of the illumination beam becomes

w = L, M (7)
FN M-I

which limits the hologram size. Similarly, illumination from distance
Ls is limited to magnifications that allow the hologram to be filled.

There are also problems of making very large holograms that go
beyond the handling and processing of bulky plates or large films. There
is usually a maximum useful duration for any continuous-wave exposure,
dictated by vibration and creep, and a more obvious energy limit for
pulsed lasers, so that the size of the hologram is ultimately limited
by the energy density required for exposure. The depth of field often
scales with the hologram size, and is eventually limited by the finite
coherence length of the source (unless it is "simulated" by optical
means). 33 Nevertheless, quite large (2' x 3' routinely, 3' x 4' experi-
mentally) pulsed-laser holograms of room-sized (12' x 12' x 9') scenes
have been produced. Larger images might be projected via optical elements,
or built up from composite holograms.

"Can You Do It in Color?"

Every holographer seems to have a pet scheme for producing images
in natural color, 19 ,34 yet color holography remains in the laboratory.
The problems are widely recognized: the need to avoid reconstruction of
color separation images by i:correct wavelength illumination, and the
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decrease of diffraction efficiency as the square of the number of
independent images recorded on the same area. Reflection holography
seems the most promising approach, but suffers from emulsion shrinkage
effects in silver-halide materials as ordinarily processed. Also, there
are no red-light short-arc lamps available, and the spectral radiance
of continuum sources is so low (Le X z 1.5 mW/mm2 sr nm @ 550 nm for a
150 W xenon arc) as to limit the prospects for deep bright images.
Nevertheless, commercial multicolor holography will probably be the
next display advance.

"Can You Do an Outdoor Scene?"

Pulsed lasers have dramatically extended the scope of holography
to include transient and fragile constructions, and small groups of
people, but capturing a sunlit landscape is beyond even the contemplated
state-of-the-art. However, an interesting line of developments does
hold promise of "quasi-holographic" outdoor imaging.

Every eye-pupil sized area of a first generation hologram can be
considered as a recording of a perspective view of the subject Erom
that particular viewpoint, presented in exact registry with the views
from a continuum of other areas. If instead, conventional photography
is used to record perspectives from many discrete viewpoints, then they
too can be merged into a single hologram for autosteroscopic presentation
in exact registry. No such synthesized hologram, usually called a
"holographic stereogram", can mimic all of the properties of a true
hologram, but good quality visual imaging is possible over a depth
comparable to the static depth of focus of the eye. 35

Perspectives have been merged by frequency multiplexing for
holograms located primarily in the image space, 36 and by spatial
multiplexing (composite holograms) for holograms located near the
viewer,3 7 though these location distinctions have become increasingly
arbitrary. The economies of eliminating vertical parallax were soon
realized 38 and a particularly flexible spatial multiplexing scheme
emerged.1 9 Here a camera records a sequence of perspectives in ordinary
light as it is moved sideways, with the aperture diameter and perspec-
tive spacing carefully chosen. 40 Positives of these perspectives
are rear-projected onto a diffusing screen with laser light, and
narrow vertical strips of a plate some distance in front of the screen
are exposed as holograms by introducing a coherent reference beam.
The exposure locaticn is changed for each perspective by moving
a mask along the horizontal plate axis so that, after processing,
an eye behind any strip sees only the perspective intended for it.
If the geometry is suitably chosen, no abrupt changes of perspective
will be noticed as the viewer moves from side to side, so that smooth
parallax is presented, and a pleasing view of a horizontal-parallax-only
image is available from well behind the hologram. The hologram can also
be back-projected to present a synthesized real image for exposure of
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a second-generation-frequency-multiplexed hologram.4 1 If the perspectives
are suitably made, the vertical strip mask can be stationary, and the
plate or film moved behind it, which permits the generation of 3600
cylindrical holographic stereo rams, and the use of a cylindrical lens
to conserve projection light.40 Several Japanese image research labora-
tories have been active in holographic stereograms.

Holographic stereograms have been of particular interest for
three-dimensional viewing of computer-generated,

41 electron microscope,4 2

and x-ray images. 43 A variation is holographic tomosynthesis, in which
a hologram is spatially multiplexed to project images from points
corresponding to the many x-ray source locations, often along a circular
track. Instead of viewing the composite real image stereoscopically, a
ground glass is introduced to select a single plane of focus, which is
equivalent to an x-ray tomographic "slice." 44 As an optical back-projection
scheme, it is an implementation of the "smearing algorithm" for the wider
problem of reconstruction of a N-dimensional signal from its (N-i) dimen-
sional projections.

4 5

"Can You Make it Move?"

Television and motion pictures were early targets for holographic
speculation, and remain so today. 46 ,4 7 The information rate is so enormous
as to require prohibitive bandwidths or film flows, unless drastic reduc-
tion or compression is achieved. 14 ,1 6 One of the first strategies is,
of course, to eliminate vertical parallax, 15,48 but to the author's
knowledge, the only publicly demonstrated display-sized holographic movie
is the direct-view scheme of DeBitetto. 49 Future medium-screen sized
"movies", particularly in color, are likely to be of the horizontal-
parallax-only projected image type.

In the meantime, repetitive motion is available from the number of
images that can be merged into a single emulsion by spatial or frequency
multiplexing (several horizontal-parallax-only images vertically arrayed),
or a few Bragg-angle selected full-parallax views, sequenced by tipping
the plate.

50

An interesting scheme for incorporating longer-term repetitive
motion into cylindrical holographic stereograms has been developed by
Lloyd Cross, 5 a leading proponent of holographic stereograms in the
United States. He sequentially records over a thousand perspectives
of a subject on a slowly turning pedestal, while the subject dances,
plays an instrument, grimaces, etc. The perspectives are combined via
projection and masked exposure, such as previous- described, to produce
a cylinder of vertical strip holograms, which is slowly rotated in front
of the viewers. Although the images seen by the right and left eyes differ
by the subject motion between their recordings as well as by parallax due
to the different angles of view, Cross has shown that the disparities due
to subject motion need not disrupt the gestalt of a completely stereo-
scopic image, if the stereogram turns continuously. The result is a
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convincing impression of a three-dimensional figure moving and turning
within the cylinder. Recent developments allow the use of a white-light
illumination source, and extension of the repeat time beyond 45 seconds.
Such stereograms, known variously as "multiplex holograms" and "integrafs,"
will undoibtedly be widely displayed.

"Can You Make the Image Clearer?"

This includes the many remaining questions of image quality, most of
which occur only to fellow holographers. An important exception is the
topic of "speckles," which remain "Enemy Number One" of holography.
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So far, -11 attempts at speckle reduction have taken either decrease of
image luminance, contrast, resolution, or depth of field as a price (Ref.
53 includes a bibliography on speckle reduction). The most familiar
technique is wavelength-averaging in reflection holograms and inage-
plane transmission holograms, wher. the speckle first becomes localized
in the hologram plane and then loses contrast as the effective recon-
struction bandwidth is increased. The price is a limited depth of
field, and no widely useful speckle reduction technique for deep images
has been developed, though research in speckle and its applications is
continuing at a vigorous pace.

Several other types of noise degrade holographic image quality.
Silver-halide materials exhibit two "granularity noises," one due to
scattering of the reconstruction irradiation by the granular image micro-
structure, 54and the other a reconstruction of the scatter of the
exposing irradiation. 55 We find tliat processes that increase diffractiom
efficiency also increase granularicy noise.21,56 Granularity in the finest-
grained emulsions is usually over4elmed by intermodulation noise,
discussed earlier, which arises to some extent in all phase hologram
materials. 57 Often "cosmetic" noises are equally noticeable. Such
artifacts as fringes, shrinkage effects, drying marks and clean lamina-
tions are in the domain of the holigrapher's black arts. Others, due
to flaws in material manufacture, vary widely with type and source, and
some respond to special treatment.

26

"Can You Get Rid of that Light?"

In a word, no. Holographic image formation depends on illumination
having specific geometrical and coherence properties. The light source,
whether a laser, mercury arc, incandescent lamp, or the sun, will have
to be positioned where the designer intended, and there cannot be a
comparable source in its vicinity. For published and sun-powered holograms,
this means some effort for rough alignment and waiting for a sunny day.
But in most displays that are self-contained or under the designer's control,
illumination sources can and eventually must be made unnoticeable. They
may imply certain space or locaticn requirements, but a casual observer
need never suspect that a peculiarly bright small light is nearby!
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"Can You Make It Cheaper?"

Holography remains a redious and painstaking craft, requiring
considerable technical competence and specialized equipment for re-
liable first-rate results. These costs, compounded by the overhead
demanded by corporate structures and marketing intermediaries, have
priced custom holographic displays at the top of the prestige market,
which has shrunk dramatically in recent years. In search of a wider
market, the new generation of holographic ventures are low-overhead
operations, depending on increasingly available surplus equipment,
large-scale production, and semi-automatic operations (such as the step-
and-repeat generation of holographic stereograms) to keep unit costs
down.

The material cost of a display is generally dominated by the
hardware, illuminator, etc., but for mass-produced holograms is
ultimately limited by the costs of coated photosensitive materials.
A possibility for very cheap holograms lies in the embossing of plastic
films to produce thin phase transmission/reflection holograms. 58 Despite
their shortcomings relative to thick holograms, they can produce hori-
zontal-parallax-only images with sunlight illumination.

Naturally, questions about cost often arise much earlier on,
and because individual advances do not involve conflicts with basic
physics (except perhaps for speckle) their progress is mainly a question
of acceptable cost. Improvements in photosensitive materials, such as
a wider index range and steeper exposure response, and particularly
in high spectral radiance light sources would considerably loosen the
constraints on display designs. However, added process steps or
optical display elements might finally overburden a workable
system. Non-optical considerations, such as portability, maintain-
ability, life time and safety must also bear on the engineering of
practical designs.

WHITHER HOLOGRAPHY?

Thus far in the history of holographic displays, the medium
has been most of the message. More supporting text has been devoted
to lasers and holography than to any purpose of the display, and
many of the effects could have been created with incoherent optics
or plastic models. Although that process of public education should
continue for some time, holography must eventually become an aston-
ishingly effective, but anonymous medium. Based on the considerable
achievements to date, display holography is developing along two
separate but ultimately interdependent lines.
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In order to meet an educated viewer's rising expectations,

holographic image quality must approach high photographic standards.
Images must be bright, clear, deep, of any scene imaginable, in black
and white or natural color, and perhaps moving. We have argued that
these goals are not in conflict with basic laws of physics, so that
their attainment is ultimately a question of cost. Granted that some
of them may require a skirting of the rules by departing from pure
classical holography via reduced parallax, photographic/holographic
hybrids, and other means, but in the end the undeniable appeal of
a high-quality autostereoscopic image will justify them all. Holographers
have proven very adept at inventing around formidable obstacles, but
the best use of their accomplishments requires other insights as well.

In 1908, Lippmann hoped that integral photography would at last
open a "window upon reality,"'59 but it is only with the emergence
of holography that the esthetics of such a window view are seriously
being considered. Similar questions arise in other media, of course,
but the experience, and hence the answers, are distinct. Although
esthetic exploration will play an important role in development of
holography, artists are finding that, as the directions of research
have changed, most of the laboratory facilities have been dismantled
and opportunities for fine-arts pro ects have practically vanished.
Only a few artists, such as Benyon60 and Casdin-Silver 61 (with whom
the author has collaborated on several holograms) have been able to work
at all consistently with holograms as art objects.

The establishment of a Holographic Arts Program at the Cooper Hewitt
Museum/Smithsonian Institution 62 is therefore particularly significant.
In its functions of maintaining much of the nation's technical
capability in display holography, and making it available to artists
and experimenters, it will serve as a catalyst for esthetic and technical
advances, which will in turn stimulate each other.

At the same time, holography is enjoying a steadily increasing
role in undergraduate physics teaching, and in photography and fine-arts
curricula. Specialized schools and courses are preparing artists/artisians
to work with the new technology. Three or four vigorous young companies
are now producing images, and report a gradual upswing of customer interest.
All of these are contributing to the technical, esthetic, and educational
foundations that the next wave of holographic enthusiasm will build upon
and be sustained by.
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Table 1. Mercury Arc Characteristics

Lamp* Power le ? 546 nm Ls  x

W mW/sr*+ m min

111-110 100 75 .98 .79 x .79
111-500-2 500 375 2.2 5.2 x 3.0

*Courtesy of Illumination Industries, Inc.
+Includes 50% interference filter loss.
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INTRODUCTION

The Marconi-Elliott Helmet System comprises a Helmet Mounted Display
(HMD) and a Helmet Optical Position Sensor (HOPS). This system provides
a powerful aid for extending the capability of the pilot by means of
designating a ground target, slewing sensors such as IR, LLTV, and radar,
or guiding a missile by simply looking in the required direction.

The Helmet Mounted Display used independently provides a highly
effective system for displaying warnings and some types of flight control
data. In this new form of Helmet Mounted Display a moving display is
generated on an array of Light Emitting Diodes (LED) and as with a conven-
tional HUD, is focussed at infinity, so that information or instructions
are over-laid on the outside scene. The display incorporates a novel
form of optical design which requires only two components - a prism and
a combiner.

This paper describes the Helmet Optical Position Sensor System and
the prototype Helmet Mounted Display manufactured by Marconi-Elliott for
the Pacific Missile Test Center, and in a later presentation Lt. Cmdr.
Moroney USN will describe the application of the Helmet Display in an
energy management role.

THE HELMET MOUNTED DISPLAY

The Marconi-Elliott Helmet Mounted Display is a logical extension of
a successful range of aircraft-mounted head-up displays, where informa-
tion is presented in graphical form to the pilot by the superimposing of
a collimated display onto his real-world field of view. An aircraft
mounted HUD has to have sufficiently large optical system to enable the
Pilot to move his head and scan his forward view whilst ensuring he never
loses any of the vital information being presented to him.

The field of view however is inevitably centered about the aircraft
longitudinal axis and even with the most advanced optical degign the
field of view is most unlikely to include areas more than 30 from this
axis.

By mounting the whole display on the helmet the field of view is
immnediately extended to the full limits of the pilot's head movement and
the optical system need only be large enough to cope with the relative
motion between the pilot's head and his helmet, typically less than 0.6
inch even for high - g maneuvers.

Figure 1 shows how the display has been incorporated into an APH-6
helmet shell with a minimal effect on the external appearance and
protective capability of the helmet. The very compact arrangement of
the Helmet Mounted Display is made possible by the use of an advanced LED
array and the novel optical design. The general layout of the components
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within the helmet can be seen in Figure 2 and the Optical System is shown
in Figure 3. The LED array and the prism are fitted to a simple but
rigid aluminum mounting set into the only significant cut away made into
the original shell. The aluminum mounting maintains the structural
rigidity of the original shell in this area and ensures the optical
alignment of the system.

The prism is pivoted so that it can be rotated to retract into the
helmet shell to facilitate donning the helmet, although it has been found
that this is not strictly necessary due to very small size of the prism.
The compactness of the prism also prevents intrusion into the pilot's
field of view.

The LED array is shown in Figure 4 and is only 0.3" square and is
mounted on a header 0.75" diameter and of similar length. It compr-.ses
a matrix of LEDs on a 10 thou pitch anc it is the compactness of this
device which is the key to the design of this helmet mounted display. The
display is red at a wavelength of 650 rtm.

This LED array has been manufactured by the Hirst Research Centre
Laboratories of The General Electric Company Ltd. as part of a development
program started a few years ago with the objective of producing high
brightness, high resolution LED arrays for use in airborne displays.

An earlier stage in the development was the manufacture of arrays in
which the format to be displayed was fixed at the design stage and the
user had the flexibility only of being able to select which parts of the
display were to be illuminated. These displays have been used in helmet
mounted displays but the limit of their application is probably reachedI when the area required for connection to the drive circuits exceeds that
of the display. A reasonable maximum for display content in this format
is shown in Figure 5 - in which each of the 72 separate elements is
discretely addressable.

To overcome the limit imposed by connections, it is necessary to
adopt some form of matrix interconnection and the array used in this
helmet is the first application of this technique. The specified array
comprises 460 matrix points and 21 discretely addressable segments
controlled by 65 connections (-only 43 are required for the 460 point
matrix).

The individual LEDs in the matrix part of this array are 5 thou
square on a pitch of 10 thou. In this particular display, up to 20 diodes
may be used in a display format which is repeated at 180 fraines/sec at a
mean brightness of 1500 ft. Lamberts. These numbers are largely deter-
mined by the electronic design chosen to meet the Navy requirement.

The ability to manufacture an at-ray of this type permits a big step
forward to be made in the design of helmet mounted displays as it
eliminates the weight involved in a CRT solution with its EHT cable or a
fibre optic buindle. This alternative technology has a tremendous
development potential for the future.
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The current performance being achieved by these monolithic LED arrays
is:

Brightness 18,000 ft. Lamberts
Life >10,000 hours to half brightness
Current Density 136A/cm2

The optical and mechanical layout is shown in Figure 3 which repre-
sents an approximately vertical section through the helmet. The LED and
the prism are mounted on the aluminum panel which maintains their relative
position and provides a location onto which the visor clicks when lowered.
Thus the whole optical system is located together. The rays of light
emerging from the LED array enter the prism at one face. The prism serves
three purposes - it largely corrects the aberration introduced by the off-
axis spherical combiner, it folds the optical path into the space avail-
able, and its cylindrical surfaces correct astigmatism. The rays emerge
from the prism and are reflected by the coating on the inside of the
combiner. The curvature of this surface collimates the image and reflects
it to the pilot's eye. The exit pupil of the optical system is a circle
0.7" diameter which means that the entire display can be seen when the eye
is at any point within this circle. This large exit pupil means that the
fitting of the helmet to the pilot is relatively un-critical and accomo-
dates helmet movement due to 'g'.

In this helmet the combiner was required to be fitted to the neutral
density visor so the coating was chosen to provide a transmission equal
to that of the visor and a relatively high reflectance to the LED image
so there is little difference in the outside view seen by each eye.

It should be noted that this helmet was constructed as a prototype
to evaluate the design principles involved for a particular application.
In the light of the experience with this prototype it is possible to set
out the next development steps.

Improvement areas are -

(i) the reduction of weight by the use of custom-designed integrated
circuits instead of the present printed circuit boards using off-the-
shelf components for the Array Drive Electronics.

(ii) introduction of entirely plastic optics equivalent to the present
glass prism to enhance the helmet's safety and also reduce weight.

The continuation of the GEC and Marconi-Elliott programs will of
course include the areas in which development is still required - in
particular there can be some improvement of the optical design to reduce
the remaining aberrations at the same time as refining the production
version of the visor design to include the combiner element in a one piece
visor free from optical distortion or obscuration at the edge of the
combiner. In the prototype helmet display it has been necessary to remove
the clear visor in order to obtain sufficient mechanical clearance for the
components necessary to modify the existing neutral density visor -the
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clear visor will be restored when the production purpose-built one-piece
visors are fitted.

The major breakthrough in the design of this Helmet Mounted Display
has been the construction of the monolithic LED array and the vital
technology has now been developed. Cleairly there is a long way to go
before the resolution of a CRT is approached but it is theoretically
possible that this could be done with I-ED arrays. Diodes of the small
size required, about 1/2 thou square, haive been made and techniques exist
which may enable the matrix connection pattern to be established. The
development problems with drive circuits will take some time to solve. In
the more immnediate future, say 2 years, we expect to be able to manufac-
ture LED arrays 2-3 times finer than included in the present helmet. A
helmet incorporating this array will be able to offer a display of 100 x
100 elements which is a very worthwhile step indeed.

THE HELMET OPTICAL POSITION SENSOR SYSTEM

While the HMD above can provide the pilot with much useful informa-
tion and guidance the full potential in the weapon aiming role cannot be
achieved without the Helmet Position Sensing System.

The basic properties sought in the Helmet Position Sensing System
were:

SOLID STATE - Low Complexity and High Reliability
HIGH ACCURACY Over Wide Angle Coverage
HIGH SAMPLING RATE1. Electro-optical technology offered an excellent all round potential

and the Marconi-Elliott Helmet Optical Position Sensor (HOPS) development
has been based around a simple YV slit camera incorporating a high
resolution linear CCD array (Charge Coupled Device).

Helmet roll, pitch and yaw angles are sensed by this cockpit-mounted
V slit camera viewing three LEDs on the side of the helmet. The lower
two LEDs are arranged to be parallel to the pilot's line of sight through
the helmet sight. Figure 6 shows the basic arrangement.

Three LED rays in space are determined by the camera, referenced to
its optical axis. The computer performs a 3-dimensional "fit" of the LED
triangle (of known size) into the framte contained by the three LED rays.
By using the previously computed positIon a "fit" is quickly and
accurately obtained from this startinc point. The LED position in space
are then computed, from which helmet roll, pitch and yaw angles are
obtained.

Increased helmet rotational cover-age is achieved by using a further
LED set mounted on the other side of the helmet, and another camerai on the
other side of the cockpit. A combination of LED sets and cameras enables
3600 yaw coverage to be achieved by switching within the computer to the
appropriate camera viewing a complete LED set.
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The HOPS system (shown in Figure 7) comprises the following basic
units:

(1) V SLIT CAMERAS (2 off)
(2) HOPS ELECTRONIC UNIT

These basic units are described below:

The V Slit Camera

The basic construction is shown in Figure 9.

Light from the helmet-mounted LED passes through the narrow 0.008"1
V slip and a V image is formed across the CCD. The CCD consists of 1728
photosensitive elements and the points at which the V image crosses the
CCD is clearly defined in the CCD electrical output. Movement of the LED
results in movement of the V image and the CCD waveforms shown in Figure 8
clearly show the CCD output resulting from yaw and pitch movement of the
LED.

The camera actually determines the direction cosine of the LED with
respect to its optical axis, and the accuracy achieved is limited only by
the geometry of the V slit and the CCD. As these are produced by photo-
lithographic methods and no refractive optics are involved, the basic
accuracy is extremely high.

The V slit camera is unique in its ability to sense two degrees of
freedom with a single CCD array, and this results in a camera with low

optical and electrical complexity giving the very desirable features of:
HIGH RELIABILITY
HIGH ACCURACY
LOW COST
COMPACTNESS

The HOPS Electronic Unit

The Helmet LE~s are switched cyclically in sequence from the HOPS
Electronic Unit.

The V slit camera first samples and stores the helmet background with
the Helmet LEDs switched off to establish the pattern of background
illumination, which may include direct sun. This is used as the basis for
recognizing and extracting the wanted image from LEDs 1, 2 and 3.

The V slit camera now samples the helmet with the LEDs emitting in
turn, and the CCD output is subtracted from the background pattern to give
clearly defined LED pulses.

The effect of a LED signal being extracted from a much larger
superimposed sun signal by this correlation process is shown in Figure 9.

The data is now in the form in which the peaks of the two LED images
can be determined. This is done digitally by using the LED pulses in the
CCD output waveform to gate counters.
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These six binary numbers (two per LED) are output via the interface
circuit in the HOPS EU to the computer which carries out the line-of-sight
(LOS) computation.

The rate at which LOS data can be output to the aircraft weapon
system is limited only by the clock rate of the CCD and the iteration rate
of the associated digital computer. The designed CCD clock rate is 2.5
MHz which results in a signal sample t'me of 1.5 milliseconds. With a
representative weapon aiming computer ;he LOS computation output data rate
is 50/second.

This means that even with any data rate reduction which results from
special purpose digital filtering the performance of the system will be
limited only by the physical tracking rate ability of the pilot.

The system can be configured to interface with any other aircraft
system with either digital or analogue interfaces.

Tests conducted on a prototype HOPS system have demonstrated that
the system meets parameters and accuracies given in the summary specifi-
cation. This accuracy is entirely adequate when considered in relation
to other system errors of the complete helmet aiming system.

These errors arise from:

(1) Pilot ability to track and mark a target to no better than 10 to 20
under the vibration experienced die to buffeting in high speed flight
at low altitudes.

(2) Optical distortion caused by the :anopy, especially at acute angles.
This error can be up to 20.

(3) Error in measuring Head Position. Less than 0.50.

The resulting system design is fully solid-state. The cockpit-
mounted camera is only 2 1/4" diameter by 2 1/2" long and the LED set adds
negligible size and weight to the Helmet. The EU can be mounted in the
aircraft equipmentbay and interfaced with a time-shared or dedicated
computer depending on the application.

The current size of the HOPS EU i3 a 1/2 ATR Short box, but this will
be reduced in the production unit which uses custom hybrid/LSI component
types.

To ;ummarize, the HMD and HOPS together form a compact and versatile
system for use in fixed wing and helicopter aircraft to provide display
and weapon or sensor aiming capability. The system is novel in concept
and has been shown to be fully practicable with considerable development
potential.

295



ACKNOWLEDGEMENT

The authors would like to thank the Directors of Marconi-Elliott
Avionic Systems Limited for permission to read this paper.

Particularly they would like to record their appreciation of the
contributions made by their colleagues in the Flight Automation Research
Laboratory, by Mr. S. M. Ellis and by Dr. D. Wickenden of the Hirst
Research Laboratories.

296



SUMMARY OF SPECIFICATION

HELMET OPTICAL POSITION SENSOR (HOPS)

Range of head movement - lateral - + 4 inches

- longitudinal - + 6 inches

Angular range of head movement - Yaw - + 1800

Pitch - + 700

Roll - + 200

Accuracy - 1/20CEP (depending upon installation)

Weights - Helmet installation 1 oz.

Cockpit optical sensor installation 14oz

HOPS Electronic Unit 1/2 ATR Short,

15 lbs.

Pilot's Controller 8 oz.

Power consumption - 100 W
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A HELMET-MOUNTED LIGHT EMITTING DIODE (LED) DISPLAY
APPLIED TO THE AIRCRAFT MANEUVERABILITY PROBLEM

LCDR William F. Moroney MSC, USN
LCDR Penn E. Mullowney USN

Pacific Missile Test Center
Point Mugu, California

ABSTRACT

The Pacific Missile Test Center (PACMISTESTCEN) has procured a Helmet
Mounted Display (HMD) which uses a Light Emitting Diode (LED) Array as the
display medium. The HMD, developed by Marconi-Elliott Avionic Systems,
LTD will be used to present an energy maneuverability display format
similar to that developed by McDonnell-Douglas Aircraft Company. This
paper describes the need for and potential uses of such a display. Use
of this display is expected to allow pilots of new high energy aircraft
to maxamize the performance capabilities of their aircraft.

BACKGROUND

During the 1975 Advanced Aircrew Display Symposium RADM J. S. Christiansen
USN (ret) then was the Assistant Deputy Chief of Naval Operations, Air Warfare
addressed the needs of fighter pilots. He stated "As a fighter pilot ... I
want to know how much (aircraft performance) I've got left and I need it (the
information) where I can see it." The display system to be described herein
is believed to meet these requirements.

By way of introduction, some background information is appropriate.
Pruitt (1974) has defined energy maneuverability (EM) as: the ability to
perform a change, or a combination of changes, in direction, altitude and
airspeed expressed in terms of energy and energy rate. Pruitt distin-
guishes three types of conditions in Air Combat Maneuvering (ACM):

(1) Defensive - This pilot leads the engagement and for the
most part engages in energy loss maneuvers since his perform-
ance is characterized by a series of turning maneuvers.

(2) Neutral - A stand-off conditions where each pilot waits for
the other to make a mistake or one pilot utilizes his
energy capability to gain the offensive.

(3) Offensive - Under this condition the pilot reacts to the
defender for turning, speed/altitude control and maintains
an energy level near that of the defender while attempting
to maintain a positional advantage at some range and range-
rate.
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The common thread to all these cond,.tions is that the pilot is concerned
with his energy state in all the phases of ACM.

MAXIMIZING MANEUVERABILITY CAPABILITY

Let us examine some critical e-ements associated with maximizing
maneuverability capability:

(1) Training opporcunities; are limited - increased fuel/maint-
enance cost have increased training cost thus todays fighter
pilot can expect less "seat-of-the-pants" experience in ACM.

(2) Lack of essential information - essential information is not
available or if it is available it is not useable due to
inappropriate format or display location. The quality fighter
pilot is an individual who is one with his machine, i.e. he
integrates altitude, "g", airspeed, angle of attack with the
feel and sounds of the aircraft. He creates, in his head,
the V-N diagram (a V-N diagram describes the performance
capability of an aircraft in terms of load factor "g" and
velocity) or parts of the V-N diagram and, as accurately
as possible locates his aircraft in that diagram. Efforts
have been made to present V-N information to pilots but in
most cases they did not progress beyond the simulator stage
or if they were flown, the data were presented on cockpit
displays or on the heads-up display (HUD). Unfortunately
the target is frequently not off the nose so HUD utilization
in ACM is severely limited.

(3) Differences in present and new generation fighters - Because
of the high thrust to weight ratios and the low wing loadings
of the new generation of fighters in particular the F-16 and
F-18 tomorrow's fighter pilot can gain or lose energy at a
much faster rate than for present operational aircraft. The
evolution of strakes, slots and lifting body fuse'ages
provide much more subtle cues of aircraft performance than
are available with t:cdays aircraft. Because of the subtle
nature of these cues, we can expect our new generation of
fighters to be inadvertently overstressed and/or their
capability not maximized in ACM.

(4) Differences in aircrews - In ACM the requirement is eyes-out-
of-the-cockpit with a rare glance inside until the target
is off the nose. The F-4 pilot had a Radar Intercept Officer
(RIO) or Guy-in-Back (GIB) to provide altitude/airspeed and
weapon status information when needed. However pilot's of
future fighters will be flying single seat aircraft. Thus,
the pilot's need for performance information is iacreasing
while the sources of such information are decreasing.

WHERE, HOW, WHAT TO DISPLAY

Having seen the need for an energy maneuverability (EM) display, the
questions to be addressed are "where, how and what to display?"

WHERE SHOULD EM DATA BE DISPLaYED? This question was the easiest to
answer. Indeed the answer was simplistic, "Put the display where the
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pilot can see it". To us, that meant keeping the display before the pilot's
eyes at all times by projecting the EM data on to the pilots visor. Thus,
the pilot could see the display and his target or pursuer simultaneously.

HOW SHOULD THE EM DATA BE DISPLAYED? A description of the technical
aspects of the display is contained elsewhere in this document in a
report by 3. Campbell and I. F. Cooper (1976) of Marconi-Elliott. However,
some additional comments are appropriate. In developing this display
system special efforts were made to:

(1) Limit weight - as currently configured the display, prism and
electronics have added approximately 12 ozs to the APH6
helmet with a dual visor. This weight increase can be easily
reduced to 6-9 ozs by utilization of custom designed
integrated circuits, plastic prisms and a special visor.

(2) Limit bulk - the prototype helmet is the basic APH6 with the
clear visor removed. Development of a special visor and a
smaller electronics package wouldd reduce the bulk of the
APH6 helmet and allow for a smaller visor cover.

(3) Provide for adequate brightness - existing helmet mounted
displays are often not visible in the high ambient light
found at altitudes. A preliminary evaluation of this LED
display however indicates, that the display is visible to
within 10 0- 15 0s of the sun. This visibility may be
attributed to:

(a) the large amount of energy delivered to the pilot's
eye and

(b) the color contrast provided by the use of a red
LED. The latter effect is attributable to the
color, red, which does not usually appear in the
airborne environment and therefore provides good
color contrast with the sky's white, blues and
grays, and with the earth's browns and greens.

(4) Provide a large exit pupil - all helmet mounted displays
have an area on which the image is projected and through
which the pilot must look in order to see the display. This
area is known as the exit pupil. The fairly large exit
pupil (1.25 inches in diameter) associated with this
display system combined with the form fit liners assures
that the display will always be available to the pilot.

(5) Avoid reduction of visual field - a display mounted on
tube attached to the side of the helmet was briefly
considered, but the loss of peripheral vision was not
acceptable. Ultimately it was determined tha the display
should project down from the top of the helmet. As presently
configured the display/prism support system on the prototype
helmet slightly reduces the pilots upward vision in one eye.
However, the size and shape of the support system can be
reduced and this problem will be eliminated.

(6) Facilitate free head movement - nine thin wires link the
display system to the controller, which converts aircraft
parameters into the display format to be described later.
These nine wires fit into a cable slightly thicker than the
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earphone cable presently in use on aviators helmets. This,

in addition to safety, is one of the advantages of using a
display with a low power requirement.

WHAT EM DATA SHOULD BE DISPLAYED? After reviewing a number of energy
management/maneuverability display formats which had been tried previously
a format described by Ralph Pruitt (1974) of McDonnell Douglas, was selected

as the most promising. Pruitt selected the basic V-N diagram (figure 1) and
modified it so that areas of energy loss and energy gain were contained
within the figure (figure 2). This format has received considerable use
in simulations at the McDonnell Douglas Corporation, St. Louis facility.
However, the authors considered the format to be too complex to be compat-
ible with an on-the-visor presentation.

Fig I: BASIC V-N DIAGRAM
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Therefore, a foimat based on figure 3 which describes the key turning
conditions, was selected for the purposes of an helmet mounted energy
maneuverability display, points Ti, T3 and T4 were considered cirtical.
Together these points define the generic energy management display
described by figure 4. To the minimum sustained turn radius (T4) point,
Corner Velocity (TI) point, and maximum sustainable turn rate (T3) point
a new data point has been added - aircraft present state. It should also
be noted that in this format "g" is plotted against calibrated air speed
(CAS).

Fig 3: KEY TURNING CONDITIONS

TURN RATE VERSUS VELOCITY

T1

TURN mxaTRATE T4 IT2

SVmax

VELOCITY

nmax - MAXIMUM STRUCTURAL LOAD FACTOR

Lmax - MAXIMUM USEABLE AERODYNAMIC LIFT
(MAXIMUM ANGLE-OF-ATTACK'

Vmax - PLACARD SPEED

T1 - CORNER TURN, nmax AND Lmx (MAXIMUM TURN RATE POSSIBLE)

T2 - MAXIMUM SUSTAINED TURN RATE AT VELOCITY FOR CORNER TURN
T3 - MAXIMUM SUSTAINED TURN RATE
T4 - MINIMUM SUSTAINED TURN RADIUS
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Fig 4: CONCEPTUAL EM FORMAT
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CAS
In utilizing this display a pilot decides which point he wishes to

fly to and then gets his aircraft there in whatever manner he considers
appropriate (e.g., to accelerate he may dive or apply power or both).
What his display will show is a mc¢vement in his aircraft present state
symbols and its position relative to the performance boundaries of the
aircraft.

EVALUATION OF THE DISPLAY SYSTEM

Laboratory tests will be carried~out at PACMISTESTCEN and Aerospace
Medical Research Laboratory (AMRL) to ascertain the performance of the
component parts of the display syscem. In addition, laboratory testing
will be carried out on the entire :;ystem to determine subsystem compati-
bility and total system performance characteristics. Primary human
factors considerations concerning brightness levels, symbology, resolution,
etc., will be explored during the Laboratory testing phase. The
electronic components will be subj3cted to environmental tests (vibration,
pressure, and temperature) representarive of the test environment.

Tentatively the display system will utilize United States Air Force
(USAF) Instrument Flight Center (IFC) T-38 airplanes for this testing
phase. Acceleration effects, resolution, field-of-view, and information
rertrieval are some of the human factors which will be addressed. Addition-
alLy, system capabilities in an actual maneuvering environment will be
determined during approximately 120 hours of T-38 flight testing. Inflight
tests will require subject Air Force pilots to perform maximum turn rate
(instantaneous and sustained), minimum sustained turn radius, maximum
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energy gain, energy sustenance, and maximum energy climb maneuvers.

Performance comparisons between maneuvers performed with and without the
BED will yield a preliminary assessment of the system's potential in
augmenting tactical performance of fighter aircrews. It is expected that
pilots equipped with the display will fly the T-38 closer to the perform-
.ince Limits of the aircraft than pilots who do not have the display.
Results and recommendations from the laboratory and flight tests will be
published in a joint Navy-USAF report.

OTHER USES FOR THE DISPLAY SYSTEM

Because of the flexabilitv associated with matrix displays, a wide
variety of information could be presented on the visor. However, consider-
ible caution [needs to be exerted in selecting both the information to be
displayed and the display format. The information to be displayed should
be limited to information which is needed when the pilot is flying with
his eves cut of the cockpit but cannot or may not be displayed using the
HUD. Thus, this display system might be used in conjunction with a tail
warning receiver or to designate or locate air or ground targets in a lead
position sensing system (this would be a necessity with off-boresight

weapons). The present display system is not a mini-HUD, but it could be

used to expand HUD's potential.
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PREFACE

This paper has been prepared for the Third Advanced Aircrew Display
Symposium sponsored by the Naval Air Test Center, Patuxent River, Mary-
land, May 19-20, 1976. Its purpose is to focus on potential improvements
in aerial gunnery which can be achieved through the use of flexible CRT HUD
display formats. The ideas projected by this paper suggest that the devel-
opment of gunnery algorithms and symbology cannot be done at a superfi-
cial level, but must stem from analysis, simulation, flight test, and in-
depth integration into particular production avionic systems. This thesis
clearly applies to many other operational functions which drive other por-
tions of the total cockpit display formats.

INTRODUCTION

Although the use of a gun or "cannon" takes place in a brief segment
of the Air Combat Maneuvering scenario, its capabilities are complement-
ary to current missiles. In many cases, the gun has produced kills at
short ranges below the fuzing limit of an IR missile or during the follow-up
to an errant missile shot. The characteristics of the gunsight mechaniza-
tion, including dynamic performance of the aircraft and its flight control
system, have a definite effect on the useful combat envelope of the gun.
This envelope can range from the limited but classic "six o'clock" posi-
tion at 1, 000 feet, to positions 1200 angle-off with firing ranges out to
5, 000 feet. Achievement of this expanded envelope requires well defined
development programs.

The purpose of this paper is to identify the critical aspects of the
aerial gunnery problem. It will be shown that gunnery algorithms are
evolving through advances in hardware and software technology and that
significant improvement in combat performance is possible. The discus-
sion is not mathematical in nature but provides a summary of experience
and knowledge of the General Electric Company in this field.

The General Electric Aerospace Controls and Electrical Systems
Department in Binghamton, New York, is the current production supplier
of flight control systems and gunsights for many military aircraft. Over
10, 000 Lead Computing Gyros and Optical Display Units have been built
for F-104, F-4, F-ill, F-5E and F-15 aircraft. In addition, a similar
quantity of GE f light control systems have been built f or the F- 4, F-ill1,
F-15, and A-10 aircraft. The experience of designing, testing and produc-
ing both control and display systems provides a unique insight into the
problems of aerial gunnery. Based on this background, GE has been
awarded a series of R&D contracts which address several new concepts
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in aerial gunnery. These contracts include the Multimode Flight Control
Definition Study (AFFDL-TR-71-39), the Firefly H for automatic flight
control using director fire control, and the flight test of the GE Multiple
Reference Gunnery System on the Air Force Sight Evaluation F-106 aircraft.
These programs are currently creating new symbology requirements which
ultimately will impact cockpit display hardware. As part of the develop-
ment process, the new concepts are being evaluated in the Simulation
Facility shown in Figure 1. This GE fixed-base man-in-the-loop aircraft
simulation includes aerodynamic, flight control and gunsight functions
carefully tuned for study of the precision control task required in aerial
gunnery.
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THE GUNNERY PROBLEM

Effective display techniques for the aerial gunnery must be based on
an understanding of the geometric and kinematic relationships of the firing
aircraft, the target, and the bullets. To being the discussion of the problem,
it is useful to define the Reference Target Concept.

Figure 2 shows the firing aircraft in relation to a target and a gun-
sight reticle. Regardless of the algorithm used to control the reticle, it
can be considered a reference target for which the gun is correctly aimed.
This means that one bullet- time -of -flight from when bullets are fired, the
reference target will, in concept, be hit by the bullet stream. To hit the
real target then, it must also come together with the reference target and
the bullets one time of flight after firing. The visual relationship observed
by the pilot is shown in Figure 3. A vector triangle exists between the in-
stantaneous gun line, the reference target (reticle) and the real target.
When the reference target and real target appear to be converging, the
pilot must fire one time of flight before they intersect. This is the pro-
cess of snapshooting. Tracking solutions are a special case where the
relative visual velocity is zero. Snapshooting can be used with a reticle
based upon any fire control algorithm and thus the reference target con-
cept can be applied to any gunsight mechanization. One comparison of
different guns ights then is a matter of how good a reference target they
represent in a particular combat situation.

Before considering the different gunsight options, we should look at
the primary parameters of the gunnery problem. They are: range, target
motion, own aircraft motion, gravity, muzzle velocity, and bullet drag.
These factors require that the gun be pointed ahead of the target by the
lead angle shown in Figure 2. This angle in a typical encounter includes
primarily the components shown on Figure 4. Considering the magnitude
and uncertainty of the components, kinematic lead is obviously the most
important factor to be dealt with in a gunsight. The mathematical defini-
tion for kinematic lead is shown briefly in Figure 5. Although some sim-
plifying steps are used here, the general relationship is:

V_
m

Where

X = lead angle

Z = line of sight rate
R = range
V m= muzzle velocity (average)
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A lthough a variety of gunsight mechanizations exist, they all must
in some way deal with this basic relationship. A director system for ex-
ample is a straightforward solution where E and R are measured, and
knowing Vml the lead angle A is computed. Although this seems to be the

obvious way to build a gunsight, results have been poor because the mea-
surement of E has been difficult with available sensors; i. e., the radar.
Future success is hoped for with E/O trackers where the noise character-
istics of the measured rates are expected to be better than for a tracking
radar.

Tracer and LCOS mechanizations eliminate the problem of tracker
noise on observed line-of-sight rate by measuring the other parameters
of the equation and effectively displaying line of sight rate in the reticle
movement. However, this process causes an interaction between reticle
dynamics and aircraft control dynamics which will be discussed later.

Shifting to another aspect of the gunnery problem, consider the
potential envelope of the gun independent of the lead angle calculations.
Figure 6 gives an indication of the range limits from different positions
relative to the targets heading. One indication of maximum range in the
aft sector is a function of fuzing capabilities of the bullets. In the "six
o'clock" position relative range is limited to under 3, 000 feet. The
reason for this is seen in Figure 7 where at 500 kts. true airspeed, bul-
lets reach a relative range rate (and thus an impact velocity) of zero at
a range just over 3, 000 feet. As the angle off the tail of the target in-
creases, the fuzing range limit opens to much greater ranges. The
practical limit then becomes time-of-flight.

The range limits due to bullet time of flight result primarily from
target accelerations in evasive maneuvers. Once the bullet is fired, it
is obviously impossible to correct the aim based on subsequent target
maneuvers. In a one second time-of-flight situation for a target at 3, 000
feet, an acceleration change of 2 g's across the line-of-sight will generate
a bullet error of about 10 mils, or close to one target diameter. As time
of flight increases beyond one second, significant errors build up because
of the uncertainty of target motion.

The point then is that at one second time-of-flight, effective gunnery
is possible. In terms of range, this means gunnery is possible out to 4,000
feet for front quarter shots. The combat capability is then limited by con-
trol and display techniques and over-nose vision limits, but not gun per-
formance. Improved 20 mm rounds are currently under development
which will even increase this potential envelope.
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GUNSIGHT MECHANIZATIONS

The primary gunsights in use or in development today make up a
relatively short list.

1 Fixed reticles
" Lead Computing Optical Sights (LCOS)
* Tracer Sights
" Director Sights
" Multiple Reference Gunnery System (MRGS)

Although each of these deal with the same lead angle problem, they
each emphasize different functional requirements. In terms of the r'efer-
ence target concept, they are each appropriate gunnery references for
different encounter situations. The fixed reticle can be used in aerial
combat for very short ranges. The gun boresight cross is perhaps the
best reference when the target fills the windscreen at less than 500 feet.
Since this situation is limited to relatively few encounters, more sophis-
ticated systems are required for longer range situations. In terms of
range, the tracer is useful in the 500 to 1000 ft. situations, particularly
where tight rolling maneuvers are encountered. Beyond 1, 000 feet, a
LCOS or director sight is more appropriate because of its stability in
terms of control dynamics. The MRGS, which deals specifically with
high deflection situations, extends the range possibilities out to 4, 000
feet. Although any of these gunsight concepts can be used over the en-
tire encounter spectrum, they provide high kill probabilities only in the
sectors where they are good reference targets for the situation at hand.
Pilot skill is required to adapt the gunsight capabilities of his aircraft
to all the situations he faces. In the future, a blend of all these gunsights
will hopefully give him gunsight symbology to handle a wide range of situ-
ations. Hopefully this will be possible without a cluttered CRT HUD sym-
bology format.

Symbology for current gunsights are shown in Figure 8; and. at first
glance, they don't appear to suggest a great difference in algorithms or
mechanizations. The LCOS and Digital LCOS (DLCOS) use the circular
reticle with range analog bar typical of electromechanical sights. The
tracer sight displays electronic bullets with stadiametric range marks
and a diamond at target range when radar lock-on is present. Although
derived from bullet data rather than target parameters, the tracer dia-
mond is a " reference target for which the gun is correctly aimed". Its
control dynamics differ considerably from LCOS because of the transport
lag (one time-of-flight) between control stick inputs and the "inertial"
position of displayed bullets. The director sight employs a reticle and
possibly a box showing authority limits of a flight control in the case where
automatic control is used. Symbology for the Multiple Reference Gunnery
System is of similar complexity, although very different in mechanization.
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An additional form of comparison is related to the hardware used for
each mechanization. Figure 9 shows the principal hardware elements ex-
cluding air data parameters and mode select functions. The traditional
LCOS systems employ electromechanical elements. Both a tracer and a
digital version of the LCOS function can be provided using a digital com-
puter, three axis rate information and range. For director sights, the
measurement of line-of-sight rate requires an electro-optical tracker
although attempts are still being made to get useful performance with
tracking radars. Hardware for the MRGS is similar but requires no radar
range for high deflection opportunities.

CONTROL DYNAMICS

The useability or controllability of a gunsight reticle results from a
compiex interaction between the pilot, the airframe, the flight control, and
the gunsight equations. Figure 10 depicts the total control loop which shows
that the error signal is perceived by the pilot visually through the HUD.
From that point, loop closure and its attendent stability depends on the
characteristics of the three transfer functions in series. Analysis of this
control problem has been the subject of many studies. The following ex-
cerpts from "Control and Display Factors in Air-to-Air Gunnery", (GE
ACS 10, 294), by R. P. Quinlivan and G. Tye, show the complexity of the
subject and the variations in the longitudinal axis.

The relationship between the gun line and the elevator
or stabilator in the longitudinal axis of a typical fighter may
be expressed in transfer function form as:

(K wSp2T) (S + /Tq)

2 2 (4)s Ss+25 w S+w ][S 2sp sp spI

This must be coupled to the dynamics of the aiming
reference.

In the case of the director system, the sight is driven
independently of aircraft motion. Therefore, the transfer
function from the stabilator to the aiming reference is ap-
proximately the same as (4).

For the LCOS sight, the aiming reference is dependent
on the motion of the aircraft.

a
X X/I =q + 2 (5)

ff
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Since

=9 -, (6)

a combination of (4), (5) and (6) leads to:

I +STq U-q K 1 (Tq - (7

S S(1 + 2c pS /P S+S 2 /w sp2) x 1+STf (7)

In a tracer sight, the portion of the tracer line at target
range obeys the following equation:

A= s(1esT f) + a T (8)
TTf f

For the first order Pade' approximation for e- s T f

ST f a fT f
S~/j + -- V (9)

+ f/21 f

Combining (4), (6) and (9),

TK I f- U° 0 S2 Uo~f

Kq I - - Tf)- S(TqTf + V

S1 [I+2sp S (10)S1 
[1 + Tq T3

Sp w sp f
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In order to compare the tracking dynamics for the three
sighting means, it is convenient to use some typical numbers
for the variables in (4), (7) and (10).

T = 1.0
q

Tf = 1.0

U) 3.5
sp

= 0.25sp

VA = 800 fps

V = 2700 fps

" Director _ = K[ I -1S/] (11)
6s S[ 1 + 0.157S + 0.09S2]

_ = K[1l +S/l]
" Disturbed 2 (12)

s 1 +0.157S +0.09S [1+S/1]

* Tracer -q K[ 1 + S/1.87] [1 - S/2.91] (13)7- 2s sf 1 + 0. 157S + 0.09S 1 S/2]

Inspection of the equations allows certain observa:ions
to be made.

Manual control theory shows us that the man in the
control loop will attempt to equalize the plant plus man fre-
quency characteristics so as to have a system at crossover
which can be represented as:

YpY m =  e TS (14)

It is therefore proper to examine manual control sys-
tems relative to (14) with the objective of not requiring the
pilot to insert appreciable compensation dynamics. This is
especially important in problems such as this which are
multiloop and multiaxis.
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One common problem with all three systems die-
scribed by (11), (12) and (13) is the quadratic in the
denominator which is underdamped to the point where
artificial damping is required. Since the numbers used
in computing (11), (12), and (13) are only representative,
both the frequency and damping are functions of flight con-
dition and, therefore, will vary considerably.

A further indication of the control problem comes from examination
of the lateral axis, Figure 11. Control of the lateral gun aim is fundamen-
tally less stable than the pitch axis because of the cross coupling of pitch
rate and the additional integration within the control loop. These problems
are frequently demonstrated in gun camera film by a reticle which oscil-
lates laterally across the target. Current flight control techniques are
capable of solving these control problems when a complete system ap-
proach is applied to the combined flight control and fire control design.
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1) Display techniques for aerial gunnery requires careful inte-
gration of the entire avionics network:

a Fire Control Processor
0 Flight Control System
a Air Data Computer
E Rate Sensors
* Acceleration Sensors
a CRT HUD and Symbol Generator
E Radar System
* Gun and Ammunition Handling System
a E/O Tracker

* Stores Management System

2) Continued evolution of aerial gunnery techniques, including
hardware and software performance, will expand the capability of the
gun in the role of air superiority. The driving force in this evolution will
come in the form of:

0 Improved ballistics
a Increased HUD field of view

* Flexible gun techniques
* Improved E/O trackers

N Flexibility in display symbology
* Aircraft CCV techniques
* New missile capabilities

0 New concepts for gunnery algorithms

3) Analysis, simulation, and flight test programs are required to
develop and validate new techniques.

4) The capability of the Multiple Reference Gunnery System to pro-
vide effective high deflection gunnery performance is an example of how
technological growth has created new and better solutions to long standing
problems. (Contact the author for additional details on MRGS.)
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RADM MANDEVILLE

REMARKS FOR LUNCHEON ADDRESS 20 AY 1976

THIRD ADVANCED AIRCREW DISPLAY SYMPOSIUM

AUDIENCE: Equal mixture of industry, military, civil service and
some related agencies (FAA, NASA), a couple of Foreign
Nationals.

THRUST: To keep things moving, i.e. get the players together,
improve communication.

HOST: RADM Foxgrover

SPONSOR: VADM Lee

As you have already perceived, the luncheon speakers are out of
order. RADM Seymour told you how NAVAIR was going to carry out OPNAVs
requirements without knowing just what that requirement was.

In September of 1975, an OR (Operational Requirement) was signed
by Admiral Armstrong which clearly stated the operational need for an
aircrew display system that would provide for the design of cockp.
displays as a visual information system capable of management by excep-
tion, sensor integration, reduced workload, modular construction for
maintainability and flexibility. This OR (OR-WSL-65) is called Advanced
Integrated Display Systems or AIDS.

In order to meet this requirement, the AIMIS program was begun in
FY76, and now will be called AIDS. This program encompasses a study of
operational requirements for the display system, some of which you have
already heard. These requirements are assimilated and applied to the
simulation work at the Naval Air Development Center. The best results
from these will be put into a flight evaluation which is separate from
any specific airframe commitment. These results are then translated
into specifications for software and the known mission requirements.

What are the known mission requirements? The F18 can be assisted
with this plan but only to the extent of validation. The VAIX is the
next major weapon system and the one to benefit from the full AIMIS
concept. The FPX and advanced VSTOL will follow.

An area of considerable interest to us at OPNAV is the training
role to be played by such a system. At the present time, our front
line VA and VP aircraft (A4 (ECPll20) A7 and F14) all have HUDs and
electronic displays, and it is certainly likely all future air vehicles
will have electronic displays. Yet, at the present time our advanced
jet trainers and instrument trainers do not have electronic displays
much less HUDs. If the benefits in all weather landing utilizing the
HUD is to be fulfilled, then our training programs should have this
capability also. The VTX therefore, must be a reflection of the fleet
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capability. While this may seem obvious, there are still some bean

counters that don't understand pilot training effectiveness. Perhaps

that is the challenge to all of you, prove the effectiveness of the

concept.

There are other requirements coming as sensor capability ii improved,
as IFF becomes more critical tc our non-visual weapons (because without

an effective IFF, of what value is the non-visual weapon) and the prolifera-

tion of subsystems like JTIDS, ULAIDS and TACSTRAT all of which assume to

utilize the display face of AIDS. AIDS has become much more tha'i the
"sacred six" with which we pilot an airplane. It is the command and

control L-0 device. Not much can he more important than that, unless it

is the engine in a single engine airplane.

From what I have said so far, vou can see just how important the

respunse to the AIDS operational raquirement is. I know that the funding

is tight but we in OPNAV will see :o it that you are supported
according to your success. The potential for a "tactical edge" is here.
I am told that the technology is ready, we must now execute the program to

our capability.
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EVALUATING THE CHARACTERISTICS
OF LUMINOUS COLORED COCKPIT DISPLAYS

J. BURNS

DuMont Electron Tubes and Devices Corp.--Clifton--N.J.
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EVALUATING THE CHARACTERISTICS oF LUMINOUS COLORED COCKPIT DISPLAYS

J. BURNS

DuMont Electron Tubes and )evices Corp. - Clifton - N.J.

I - INTRODUCTION

In flight, an aircraft pilot needs a constant knowledge of certain data,
which he can only obtain visually. Recently, data presentation systems have
been evolving towards electronic readout on display screens. This type of
display satisfies two needs which have been created by the evolution in
navigation conditions :

i) The amount of information the pilot must acquire visually is constantly
increasing, even with conventional piloting techniques. At the moment,
the data is acquired sequentially hy eye, and is subsequently synthesized
in the pilot's brain.

The capacity and safety of this method of data presentation are limited

a) By the recognition, recording, nd synthesizing capabilities cf the
pilot,

b) 3y the predetermined route the eye follows in acquiring data ; this
is already onerous in terminal flight zones and cannot exceed a certain
saturation level without risk of error.

Consequently, the present tendency towards the simultaneous disp'ay of
preselected data on "Multifunction" penetration screens reduces both data
acquisition time and risks of errors.

2) New navigation and approach techniques, using onboard computers, virtually
necessitate the display of the comnputed information in an integrated analcg
form on a screen. For this, the cachode-ray tube (CRT) has incomparable
advantages over other display systems in its capability of displaying a
high density of information in color.

Other systems that look promising, although still in the development stage,
are

- Liquid crystal panels.
- Gas discharge panels,

- LED or EL mosaic displays.
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The Use of Color in Luminous Data Displays

Then using a montchrome display screen, all of the information appears in
the same color (the background luminance of the screen possibly being of a
differen. color), so separate data can only be distinguished by shape and
brightness.

When using a multichrome screen, each parameter can be displayed in a diffe-
rent color, according to a predetermined code, and the background can be of
yet another color. This yields a number of uncontested advantages, as com-
pared with monochrome displays :

- Increase in displayable information density,
- Greatly reduced data acquisition time,
- Greatly reduced risk of error in symbol and number identification,
- Possibility of color-coding, yielding supplementary information without

requiring a shape-coding system.

At present, two types of color displays are commercially available

- Color penetration CRT's,
- Electromechanical head-up display's.

Luminous Environment of the Instrument-Panel Display

The total ambient lighting under which a display is observed can be considered
in two parts :

1) The light falling directly onto the screen. This can vary between three
distinct levels -

a) Zero or low-level lighting (below 0.1 lux),

b) Typical lighting (1O00 lux), corresponding to the mean intrument dinel
illuminance during a daytime flight with a clear sky, well above a
layer of clouds,

c) Extreme lightinGo o0 lux), corresponding to direct sunlight fallinp
nearly perpendtcularly onto the screen.

2) The luminous environment, this being the luminance of the surfaces zirroun-
ding ho pilot, to which his eyes have become adapted. This modifies reaaa-
bility, not by affecting the intrinsic characteristics of the display, but
by altering the properties of the eye.

Aims of the Study

The w(-rk presented here was aimed at determining a means of evaluating the
intrinsi,- propert'es of a display system. The procedure involves introducing
the idea of "Detection and Identification Index" for colored signals displayec
,n a scrcen subject to any ambient lighting conditions, and the measurement
-ind calculation of this index for each information display under the operating
conditions encountered.
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The minimum values of the above index, corresponding to rapid, comfortable,
and error-free acquisition of information by detection and identification of
luminous signals, have been determined experimentally.

II - THE BASIS OF THE APPROACH : LUMINANCE DIFFERENCE, COLOR DIFFERENCE, AND THEIR
EQUIVALENCE

The work carried out was based on both theory and experimental results

Taking into account the work of Judd and MacAdam on the visual perception of
color differences, a photocolorimetric space is defined, which relates to
luminous sources as opposed to colored reflecting surfaces. In this space,
an identical distance between two points representing two different luminous
sources always represents an identical difference in visual impression.

The equivalences between color and luminance, as well as the determination of
detection limits, are deduced from physiological color detection tests carried
out under all types of piloting conditions, i. e. :

- With screen illuminance varying from 0.1 lux to 70 000 lux,
- Under variable luminous enviroirent, including dazzling by an external

luminous source.

The color display system used was a color penetration CRT developed by
THOMSON-CSF for a head-down display system.

Definition of a "Detection and Discrimination Index" Relating to Visual
Perception

It was decided to establish an equivalence between the perception of a diffe-
rence in luminance, and the perception of a difference in color. To co that,
the concepts of luminance difference, cnitary luminance difference and lumi-
nance discrimination index must be introduced.

Note : Throughout the following discussion, the letter symbols used
(EL, Es, [DL, etc.) correspond to the French names of the quan-
tities involved, because of the pioneering work of our parent
company, THOMSON-CSF, in this field.

.wo luminous signals (or a signal on i luminous background) of luminance
L: and 1- have a contrast ratio,

CR = i_.-, where L, , L-. The visual percep-

tion of luminance being a logarithmic function of stimulus, thus of source
luminance, the term "Luminance Difference" is defined as being the logarithm
of contrast ratio

Luminance Differeice, EL = log CR.

lecution Threshold,,_Es

It is generally accepted that for maximum eye sensitivity, the minimum
contrast ratio that can be discerned is 1.05, this corresponding to 5 T
relative variation in luminance. By definition, the Luminance Difference
Threshold (or Perception Threshold) Es, is the smallest difference in lumi-
nance tiat a standard observer can detect :

Es = log 1.05 = 0.021
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Unitary1 or Reference Luminance Difference,_ELU

The preceding concept introduces the idea of a discernability threshold, and it

is also natural to introduce an idea of comfort. It is accepted that a contr.:o-.
ratio. CR =V2 is required for comfortable discrimination between two pieces of
monochrome information (this is the definition of the half tone in photography
and television). Under these circumstances, the Luminance Difference is defined
as being the Unitary Luminance Difference (ELU) and is given by

ELU = log\-2 = 0.15.

Note that ELU is 7 times Es.

Luminance Discrimination (or Detection) Index1 _IDL

This is defined as being the Luminance Difference EL divided by the Unitary
Luminance Difference ELU.

EL log CR
IDL = -

ELU 0.15

It is also necessary to establish similar definitions for chrominance, by
starting from the idea of differences in color. We have done this by using
the CIE 1960 (U, V) chromaticity diagram. In that diagram, all existing colors
are represented by two coordinates (U and V). So long as the distance between
two color points is the same, the impression of color difference is identical
no matter where the actual points lie within the color triangle (i. e. no
matter what their color may be).

Chrominance Difference,_EC

This is defined as the distance between the two points (U, V)

EC = (AU
2 + AV2)1

/ 2

Chrominance ThresholdEs

This is defined as the smallest discernable color difference, and has been
determined to equal 0.00384, i. e.,

Es = 0.00384 (U, V).

!itary Chrominance Difference.ECU

Several possible definitions could be envisaged

1) Chrominance difference equal to 7 chrominance thresholds (analogous to
luminance).

2) Chrominance difference for comfortable discrimination between two colors.

3) Chrominance difference giving the same impression of contrast as a unitary
luminance difference.
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Physiological laboratory tests showed that these three definitions were

*e'iivalent, so we define :

I ECU = Es = 0.027

Chrominan~e Discriminatin Index. IDC

This is defined as being the Chrminance Difference, EC, divided by the

Unitary Chrominanct: Difference, ECU.

EC EC
IDC

FCI 0.027

Detect ion Indtx and iir criminat ion ndex

In cast,c. where conr~ist is due to both color and luminance differences, the
combine,! index ID is defined as hte ing

ID = (IDI.
2 * IDC-)1/2

11) is k,,own as 'Dete, t ion Index" when detecting luminous signals of tie
iamk- ,,i,.r on a background of a different color, and "Discrimination Index"
when ditferentiating between two sign-ls of different color and lumin3nce.

In co,,'rim.tric Lerms, this is equivalent to representing a luminous source
of color C (U, V) and of luminance L by a point of carefully chosen coordi-

nares in a throe dimensional space (U, V, log L). The Discrimination Index
botween two such sources is representec by the distance between the corres-
iopnding points. Kowalisky has submitted a space of this type to the CIE for
ace'ptnce .is a standiard i see f igure

Measurement ,I Detek t ion Index

Considr i !ominous signal having characteristics (Us, V , L ) as mtasured
on a dirk screen (which may or may no, have a contrast f Iter) that re,'cives
inc ident i I 111milnit on.

rhe screen, after reflection of the incident light, will appear to be a lumi-
nous source having measured or calculated parameters (Ue, Ve, Le). The photo-
olorimetric characteristics of the sinal will thus be modified ; the two
luminances combine to give L. + Le, ind the color point will to Us', Vs ,
(generally by desaturation of the colo-s).

I -s + Le
ID1. log

P.1I I~e

F -n
IDC -Ue)" (Vs, Ve)-

0. 027 
-

ID = IDL + IDC
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We have thus established a means of specifying the characteristics of a syswe.
displaying colored luminous information on a screen subject to any type ot
incident lighting. It is now only necessary to define the minimum value of t'
Detection Index that corresponds to a usable display (rapid, comfortable, an,
crror-free acquisition of the information).

RESULTSOF PHYSIOLOGICAL TESTS : EFFECTIVE DETECTION INDEX - NUMBER OF COLORS

Number of Colors Usable in a Color Display System

Each color must be separately identifiable, and not simply distinguishable
in the oresence of other colors. According to various authors, the possible
number of identifiable colors varies from 5 to 15. We believe that no more
than - should be used : the risk of identification error increases with the
number of colors when they become desaturated under intense incident illumi-
nation.

After extensive testing, we have selected three out of the four colors, defined
by their equivalent wavelengths

Red : ; 612 rm

.Amber = 580 nm

Gret-n 500 nm • 555 rim.

In theory, the Identification and Discrimination Index for these three color :
should be equal to I. To verify that, we :arried out several physiological
experiments, including complete simulation of the normal aircraft-cockpit
luminous environment.

Ambient-Liehting Simulator

An ambient-lighting simulator was constructed, enabling tests to be catried
out with many different observers. Before doing this, however, a series of
photometric measurements were taken to determine instrument panel illumi-
nance and the luminous environment found in the cockpit of an aircraft in
flight. These measurements were taken in a Boeing 707 for all possible con-
ditions : various altitudes, clouds, blue sky, direct sunlight, at midday
and at sunset, and so forth.

The dimensions of the simulator are similar to those of the Boeing 707 cockpit.
Facing the pilot is a color graphics and alphanumeric display. A series of
independently variable light sources enable any of the previously measured
luminous environments to be reproduced

- Screen and instrument panel illumination up to 70 O0O lux
- Variable ambient luminance inside the simulator ;
- Variable luminous environment outside the windshield, to simulate the

sky and clouds.

The displ.iy system is a color penetration CRT whose color and luminance are
,ontinuousIv variable.
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Test specification

Different operators adjust the luminance of the display so as to obtain
error-free detection and identification of the symbols under various ambient
lighting conditions. Ideas of detection threshold and comfortable detection
are introduced. The Detection Index is then measured in the manner explained
above.

Weighting the Detection Index

It turns out that the Detection Index must be weighted to take account of two
physiological factors :

1) Sensitivit--of-the-eye to contrast as a function of screen luminance
(standardized by the CIE)

A pilot notices that his eyes' sensitivity to contrast is diminished when

observing a screen having a background luminance below 10 000 cd/m 2.

The Relative Contrast Sensitivity coefficient, RCS, is given in figure 2.

2) Transient Ada 2 tation Factor

A second factor which must be taken £nto account is the temporary loss
in sensitivity of the eye which occurs when the pilot, initially looking
elsewhere (eye adapted to the internal or external luminous environment),
looks down at the screen.

A Transient Adaptation Factor, TAF, nas been defined by the CIE ; it takes
into account the temporary change in eye characteristics as a function of
the ratio of the ambient luminance and the screen luminance (see figure 3).

When a pilot looks at the display, his eye is not adapted to that luminance
level and, during the adaptation time, its sensitivity is decreased. Con-
trary to the RCS, which is independent of time and depends only on the
background luminance of the screen, the TAF depends on time and on the
ratio of the luminance of the adaptation zone to the background luminance

of the screen.

An Effective Detection Index (IDE) is defined to be independent of lumi-
nous environment conditions (see figure 4) :

IDE - ID x RCS x TAF

Experimental Results

Extensive experimentation has yielded the conclusion that no matter what the
lighting conditions are, the Effective Detection Index values are as follows

- At the detection threshold : fIDE 0.3]

- For comforrable, error-free detection
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Display systems can thus be classed into three groups by calculation of th,:
IDE

I. For IDE " 0.3 detection is impossible, and the system should be rejected.

2. For 0.3 .s IDE 0.6 : detection is not comfortable, and identification
errors can occur in some cases.

3. For IDE ; 0.6 : the system permits comfortable detection and identification,
and can be used under any ambient lighting.

CONCL'US IONS

A theoretical ind experimental inve-tigation has been arried out, partly
based on CIE recommend~itions. It has enabled defining a Detection Index that
allows easy and ripid evai uationi -f the efficacity of screenl display systems
under the luminous environmenLt found on b,.ard aircraft in flight.
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ABSTRACT

a. The need for warnin~g and alerting devices in aircraft.

b. The significance of color to warning devices.

c. Lockheed/Loral develoument of a tactical color display.

investigation of color erhancement in tactical displays.

Color display format investigation request.

An example of tactical situation whcre color is utilized as
a *vrrninE device to a distracted operator.

Sun~aary
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LITEGRATED COLOR DISPLAY SYSTE24

BY

L. D. Evans

Lockheed-California Company
Burbank, California

and

S. Storper

Loral Electronic Systems
Yonkers, New York

Lockheed appreciates the opportunity to participate in this
Display Symposium and, as a Contractor that relies on displays as
a communications media in our ASW systems, fully endorses the pur-
pose and objectives of this meeting.

INTRODUCTION

For a number of years, aircraft manufacturers have conducted
numerous studies on devices which provide a means of alerting the
aircrewmembers to possible hazardous conditions, Master Caution
lights, eject lights, and tire warning lights are only a few
examples of the many devices found in modern aircraft. If you are
the pilot of an S-3A conducting NAD localization at 500 feet and
you begin to lose power on the #1 engine, a warning is certainly
appropriate and essential to the safety of the flight. The impact
of the alerted system's degradation on flight safety, the proper
location of the alerting device, and the color necessary to achieve
the proper response are all part of extensive studies.

Color has long played an important psychological role in the
aircraft community. For example, if the aircraft's Master Caution
light begins to flash, is the color yellow significant to the re-
quired action? If this same caution light were white or green,
would it have the same impact? The EJECT light is flashing red
when activated. Would this light have the same effect if it were
flashing green? It is apparent then, that color is essential in
directing attention to a necessary action. Should not an equal
amount of research be conducted on alerting devices for crewmembers
deeply engrossed in high stress tactical workloads?

The same factors which reflect a need for color alerts in
cockpit displays are equally applicable to the tactical crew
station. The use of multi-purpose displays in AASW has enhanced
the integration and presentation of multiple sensor information.
There are more than 20 possible display combinations available to
the S-3 TACCC for use in any one tactical situation. Couple this
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multiple sensor display capability with the high data rate of a
computer and the tactical crew soon becomes overwhelmed.

Color is an effective and useful tool to the operator i. a
high stress situation requiring complete concentration. The
tecnnology necessary to fashion this tool into a useful instr.iuncnt
is available today.

Additionally, during the rt cent .S.LS ASW Symposium, sev,:ra.
speakers emphasized the point that new technology was not
necessarily desirable, but imprc;vements to current systems were
greatly needed.

In this context, Lockheed and Loral initiated a researcn
prcgram utilizing independent f-unding in a cooperative effort
directed toward the development *f a multi-hue tactical colcr
display. The product of this research is a color display tiat
utIizes the existing S-3 hardware and requires a minimum or
moaficaticn. The obvious advantage to this method is the z.avings
in nstallation and logistic costs. The not so obvious advartage
is that the reliability factor that is currently enjoyed by present
displays is passed on to modified systems. Given the ability to
economically modify present display systems to color, the next
step is the proper application cf this media to the AIN evolution.

The broad objectives of this program then, are to inve:5;igate
tht. use of color to enhance ana to simplify te display of' tactical
sensor data to the flight crew. Initial research indicates -he
foLlowing prcbable benefits fr ;m multi-hue displays:

a. improved flight crew ,:1ficiency.
b. Heduced operator fati.;ue.
c. Reduced operator trai.._ng requirements.
d. :rmproved sensor u.tilization.
e. Reduced operating coss due to improved operating efficiency.
f. Cost effective conversion utilizing existing harduare.

The Loc neec-Loral integrated color display system consists
o a penetrcn CR' utilizing bean penetration of multi-layer phosphor
t,- acnieve three (3)' colors. The color hardware is compatille with
e,:isting S-3 hardwrre and comc'eoely interchangeable. No aoditional
cabling, power, or coolin0 is required and normal green) cisplays
wiLl result from any mixture cf monochromatic or color system
components. Color is acnievea cnly when all necessary sysi.cm com-
ponents are present.

Lmprovements ir. display ,;ystem techniques and technol.E;y have
tne potential to reduce aircrw wcrkloads and therefore, color
coded alerting symbclcgy applicable to ASW must be investigated.
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':he ::-c if icl:c'ycv'ozrt prcgraz is
i v-.:t_-a~c tnz c* i,( cz cclc!.r as a di;s-)ay coding

i.-. .- S' n'v rnmcnz;. Opcratl'onal :-equir-cments for
-:C next c-eneratlc-n of :a.e:airborne A4eason systemis dictate trnat
tne aircrews m:,ust have tne: abilit t, acuatl asiilt
n-Ultituce 3fint.ut 2 ata. - oa~rtl s_-lt

;i th t 1-e aval.-' ab il i o" a ,,,or:,ablc color system that has
already been develoecd ana tested, the display formnats to be

inetigated may now be properly evaluated. An S-3 Integrated
.iench- Setup; (:BS) -'s availabl atLche t  y Canyon Laboratory
and it is i deally suit ed as a test vehicle to conduct this disrlay
fCrnat investivaticn. 7-c laboratory has two (2) identical display
7csitions s4zwLar to the K Isrlay con~figuration in the S-3A and is
therefore well uie to ccrarative formal evaluation.

JI2LSCEX;ARIC

An Examole :)f a tacti-cal situation -where color coding may be=
utilized as a -;arni:nrF dcvi ce to aid the operator in decision makirig
is depicted in Exar sle A. T2rack, 4002 represents a typical single
color oresentation with !4 fixes from RF's 1 -and 2 as the basis for
_C_ computer Frenerated track. Thne ranges from Ranger 2 have beern

und ated and arc current.

Exnle S dcmcnstrates an codentical tacti cal situation but
rane irles from Ran:,er 1 are age7d amber after the f-irst gate

has been exceededi and rrcd after na igthe second time gate.
-'he Track color is re:fective of the orobable inaccuracy of the
::.cs and th erefore serves as -a y.,arning to the TACCO.

ixarnle 2., C I: aL comp osite where Track 4J3rcpresents the truc
traiget track and t-he :oh*antom, circles from Ranger I in~dicate actual
ranges had uudatE ta.:en :;lace.

auI'R

Tn sumnary. _J. must bc Laia aa 000 enac'mc allows
.- diate rnerceaticn :;f va_ aoity and tnereby the :notential to

anicrease orerat,-r ~ -c.All that remainis _zhe develormnnt
of uIse"ul syTnbC_,,y throuL-h rEcsEaren.
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TACTICAL AIR APPLICATIONS FOR ADVANCED
MULTISENSOR IMAGERY PROCESSING AND

DISPLAY TECHNIQUES

E. L. Cloud
T. A. Stinnett

Westinghouse Defense and Electronic Systems Center
Baltimore, Maryland

ABSTRACT

Dynamic experimentation conducted by Westinghouse related to the
real-time viewing of integrated multisensor (Infrared and TV) tactical
imagery both in color and black and white and the application of display

processing techniques such as level-slicing and surface differentiation

have demonstrated that electronically processed multisensor imagery
results in a significant reduction in operator response time and increased

accuracy for target detection and recognition, as well as facilitating the
assimilation of additional information content.

Of special significance is a measured decrease in operator vari-
ability when viewing integrated multisensor imagery as opposed to non-
integ rated imagery of identical scenes. From a squadron effectveness
viewpoint, reduced performance variability in conjunction with an im-
proved mean of performance implies an increase in strike effectiveness.

Tactical advantages realized include increased performance for detection
and recognition tasks over a spectrum of targets and backgrounds,

weather and climate, and various tactical situations.

INTRODUCTION

Fighter aircraft cockpit display and control and configuration re-
quirements have historically been dictated by engineering rather than by
pilot criteria. This situation is a logical one since most fighter cockpits
evolve from highly technical engineering design efforts to advance the
state of the art and are dependent on very sophisticated electro-mechanical
display and control techniques. The tremendous acceleration of technical
advancement affecting cockpit design in conjunction with reduced response
times imposed by current and projected mission requirements presents a
bewildering array of design variables. These include increased airframe

performance capabilities, provision of multiple sensors and associated
displays to extend the pilots' sensory capabilities, the provision of digital
computers and microprocessors to increase his information processing
capabilities, and the provision of multifunction controls to increase his
response capabilities.

As if this design environment in't complex enough, it is also one
that is very subjective. Assemble 100 designers, engineers, and pilots,

together to formulate a concept, and you'll extract 100 different opinions.
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Human nature being what it is, the NIH (not invented here) factor is over-
whelming.

With this setting in mind, we have addressed ourselves to presenting
our concept of the implications of providing integrated multisensor imagery
process ing and display techniques to tactical air applications. In addition,
we have expressed certain reservations toward embracing the assumed
uncondition~al superiority of color versus black and white CRT display,
presentations.

At the risk of rocking some bjoats, we are somewhat dismayed to dis-
cover an apparent lack of consideration for the implications of incorporating
imaging sensors on-board advancedI fighters currently under and being con-
templated for development. Whether this lack is due to an oversight or
rather to an unawareness of the criticality of CRT display size as related
to target detection and recognition is unknown. However, we would urge the
people currently engaged in formulating future cockpit concepts and require-
ments to factor in the CRT display size consistent with imaging sensor capa-
bilities and mission requirements as a critical variable in establishing cock-
pit configurations. If the pilot cannot visually resolve a target on the face
of the CRT because of a limited display size, there is hardly any merit to be
gained by providing a sensor capability to generate target imagery.

DEFINITION OF DISPLAY REQUIREMENTS

A very simple thought is that:

-Systems and machines are not created to serve themselves, thev are
created to serve man by extending his capability to

acquire or retrieve information,
to process information,
to respond.'

This is so simple that many people_ tend to forget it. How many times have
we experienced the engineer's delight, but the user's nightmare. Or, the
software programmer who becomes so enamored with his program that he
completely forgets the ultimate objective. In a tactical air combat environ-
ment, the pilot must acquire timely and accurate data that has been pro-
cessed and displayed as information in a manner that enables him to exer-
cise effective decision-making. We must think in context with such mission
requirements as navigation to the target, target cueing, target acquisition
and attack, and kill assessment and reattack. In conjunction with these
requirements, we must consider display variables affecting the man-
machine interface as shown in the table below.
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TYPICAL INFORMATION DISPLAY VARIABLES

* Display Size * System Resolution

* Information Coding * Flicker

* Alphanumerics * Brightness/Contrast

* Scale Legibility 0 Dynamic Range

* Visual Acuity Factors * Environmental Variables

0 Modulation Transfer Functions 0 Signal-to-Noise Ratio

Incorporating display variables into a system modulation transfer function
(MTF) analysis provides only a partial solution to the man-display interface
equation. Using an example MTF analysis as in figure 1, the analyst can
evaluate subsystem factors such as the electro-optical sensor intensifier,
the sensor tube optical train, display, and come up with a product MTF.
But again this is an incomplete solution since the physiological properties
of the human eye have not been considered.

10

o8

0 6

MODULATION INTENSIFIER
RESPONSE

0 2 SNO *6 DE LAY
PRODUCT TB '

MTF

100 200 300 400 500 600 700 800 900 1000
TVL PICTURE HEIGHT

76 0632 V

Figure 1. Example System MTF Analysis
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The figure below is a photograph of the retina of a human eye. How-
ever, the equation is still incomplete since the most important subsystem
of all, the human brain, must be considered.

Retina of the Human Eye The Human Brain

This leads the analyst into the morass of human perception. The Mr. Tweedy
cartoon shown below exemplifies this point very clearly and succinctly. Dis-
play information and the manner in which it is presented is very subjective.
This is especially true when dealing with color.
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In conjunction with personal biases for or against certain hues, the
designer must consider brightness and saturation as well as the character-
istics of the ambient illumination. Normal vision during daylight illumina-
tion is acquired by photopic vision, a condition where color sensitive cones
in the retina of the eye generate visual sensations. During the dark of night,
scotopic vision is provided by the highly light sensitive rods. When using
colors, one must remember that they are strongly influenced by the charac-
teristics of the surrounding background. Apparent sizes and shapes of targets
can be altered by the allocation of different colors. They can be made to
appear larger or smaller relative to the surrounding area as well as made to
appear to present a higher or lower contrast relative to the surround.

To sum up, we are merely pointing out that it is very critical that the
performance of a comprehensive display analysis be considered as a key
task during the conceptualization of cockpit display and control requirements.
And that such an analysis include consideration of mission objectives, flight
profiles, sensor characteristics, display processing requirements, display
mechanization characteristics, and human factors variables including human
perception.

INTEGRATED MULTISENSOR IMAGERY PROCESSING AND DISPLAY

The following discussion is related lo studies and experimentation con-
ducted by Westinghouse in conjunction with USAF Contract No. F33615-69-C-
1194 in 1969. It seems appropriate at this time to dust off this previous
work and represent some of the important results since interest in acquiring
combined multisensor imagery through a common aperture %vindow seems
to be reviving. I It is highly desirable that multiple electro-optical sensors
share a common window to reduce aircraft weight and drag, as well as to
provide common fields-of-view and to reduce misregistration problems.
The state of the art for window materials compatible with TV and infrared
has improved to the point where a common aperture is now foreseeable.
Using a common window requires a material providing high transmission of
both TV and infrared spectral bands with very low distortion. The window
must withstand inclement weather and be inflexible with respect to air pres-
sure or vibration.

The original multisensor program conducted at WVestinghouse entailed
acquiring integrated TV and infrared video by synchronizing an AGA
Thermovision infrared sensor sensitive in the 3-5.4 ,rn spectrum with a
Westinghouse vidicon TV camera (see figure 2).

I-
F aubert, D. B., and Leonard, K. C., Real Time Multisensor Data Display,
paper presented at National Aerospace Electronics Conference, IS-20 May
1970, Dayton, Ohio. (In: NAECON 70 pp. 88-95)
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MULTISENSOR MEC,'ANi'.ATGN TV viOEC NrRAREO VIDEO

LEVEL SLICE

ELETE 9EO RETAINED NFRAREC 'OE0

.TESATE O E

Figure 2. Multisensor Niechanization

Since TV and infrared spectral characteristics are d ssfi.ilar, it is
logical to select the best output from each and integrate -he I-:.eo. U is
important to realize that this is not an additive process or superposition;
we are actually integrating TV and infrared into a common video.

Why is this desirable? From a tactical air viewpoint there are many
advantages to be gained. A major aspect of weapon delivery system effec-
tiveness is related to time-sensitivity as well as to accuracy. Therefore,
particular attention must be devoted to the reduction of task loads to accept-
able levels. This holds especially true for the single-seat fighter. The
most critical response time variable is the decision as to which sensor at
any given instant will provide the best image. Since spatial limitations pro-
hibit provision of dedicated displays, it is obviously desirable to integrate
the video :rom multiple sensors for presentation on a single display. Se-
quential viewing is undesirable due to the increased response time as well
as the lack of a direct compariosn of sensor performance against any given
scene condition at any given time. As shown in the air field video pictures
of figure 3, integration of the two videos provides the best of both worlds.

In terms of integrating rnultisensor video, there are many processing
techniques that can be incorporated to achieve display enhancement as well
as video integration. The matrix shown in figure 4 represents a partial
listing of enhancement techniques that we at Westinghouse have considered.



Video Sensor A Video Sensor B

F"-ure3.:ntearated Video of -in Airfield Fr~om- T-co Diffe rent Sensors
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,,Lire 4. Partial Matrix of Nilti sensor Disolav Enhancement Techniques

Display processing techniques such as level-slicing, insertion, surface
differentiation, flicker, alteration, polarity reversal, and red, blue, and

green color combinations, present a multitude of modes. It is readily
apparent that we face an enormously complex task in attempting to quantita-

ti,,ely evaluate all possible conibinaticns. At the risk of being accused of
applving unscientific techniques, we reduced this matrix to a more manage-
aile level of seven modes by subjective evaluation of these modes and by the

application of plain old niineering judgment. Ne temper this statement
with the fact that our Judgement was based on extensive past e-perience with
tactical electro-optical sensor usage and was not the result o pure personal

opinion. The matrix in figure 4 shows the seven modes that were ex:peri-
.. ,entallv evaluated. Modes I aniA 2, TV alone and infrared alone, displayed
in black anu white were selected to provide a irame-of- reference Ior per-
t,:-n-inc e comparison. >,lode % was merely the superpositior, )f TV and

ii:tared in black and white. V:de 4 level-sliced -he infrared and inserted
i: i red video intc a blue-izreen 17V video. %lode 5 was ident.cai except that
the infrared insertion was flickered at 2 liz. Mode - was ide:.tical to mode
:n except that the -ideo was displayed in black and white. Mlode 7 provided an
alternation of nonintegrated TV and infrared video at a rate o: 0. 5 Hz. This
:jjone was selected to provide, some measure of the value of sensor display
alternation o:- a snie spia% i: a conrurnu.n sens,,r w ndow aperture was not
a. a,labie Dr :: :t -,is techl:i( all. ilnfeasil le to -?:r,vi e integrated video due to

,xti-Pne sensr Iis i,,,iiari:'its s .ch as scan rates, fields-of-view, etc.
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Figure 5. Display Modes Experimentally Evaluated

The multisensor experimental setup is schematically summarized in

figure S. A partially wooded area with interconnecting dirt trails which lay

1, 800 to 3, 400 ft from an over,3oking 120-ft tower was selected to stage the

experimental scenes. Three vehicle types were run over a series of selected

routes at three different times of day. The video data were recorded at 1,)

frames per second linearly and in parallel on magnetic tape. In this way a

permanent and perfectly repeatable raw video record of each scene was

preser'red.

These video tapes were then played at the experimenters convenience

in the laboratory at a relatively flicker-free 32 frames per second on a

commercial three-gun, color phosphor CRT. Vehicular motion in the scenes

was controlled to compensate for the rapid playback. A display mode pro-

cessor was devised which allowed both cyclic and continuous differential

amplification and differentiation of the videos. Cross-feed was possible on

an adjustable threshold which provided for clear insertion of one video into

the other, in addition to simple summing. Finallv, a color selection gate

was provided where either video could be directed to any single or combina-

tion of color guns in the monitor. Imagery was recorded at three different
times of day to obtain differences in shadow size and reflected and emitted

radiation effects. During each imagery collection session, pretarget and
posttarget run photome-tric readings and isotherns were recorded to enable

correlation ol c'xperirt)ental results to environmental factors. A total of 42

,)bservers, 6oh flight and nonflight experience(], participated in the provram.

The basic measures collected were response time and frequency of

response for detection and recognition tasks. Two frequency measures were

collected for each task; completeness and accurac -vith the latter incorpora-

tinm! response error. The results of the experimenti I program strongly

L ! .. .... ...... ...



Real-World Scene Slow-Scan Monitor

(Used for Registering/
S -Both Cameras Shared 50 x 50 FOV Monitoring Field Imagery)

Infrared Camera

Imagery Recorded at

Video Tape 16 Frames/Sec
Recorder

Three-Color

Display Monitor

Display Mode -14-by 4-inch Display Size
Processor Observer Viewing

Distance - 28 Inches

Imagery Displayed at

32 Frames Sec -6.0632-.-4

Figure 6. Multisensor Experimental Sensor, Recording, and
Display Mechanization

indicate that integrated TV and irfrared display imagery is far superior to
single sensor presentations. This holds true for black and white as well as
color display presentations, Differences in detection time responses are
shown in figure 7. The color-coded mode with both TV and infrared contin-
';ouslv presented exhibited the best performance. This mode resulted in a
reduction of 12 percent and 17 percent reduction in detection :irne over the
TV and infrared modes respectively. The next best presentation was the
block and white integrated mode "vith the infrared flickered at 2 Hz. It is in-
teresting that the color-coded mode with infrared flicker resulted in a slower
detection time than the infrared alone mode. We suspect that :his can be
attributed to the fact that stationary hot spots within the background exhi-
bited apparent motion to the observer and were momentarily confused with a

-:.ovi-ng target. This apparent confusion somewhat reinforces our earlier
statemrent that -he nuances of human perception are very critical to incorporat-
ine *he pilot into ",.e sensor-processing-display equation :n terms of res-
ponse :.me :r tar.et recocnition, the integrated video in coln.- and with the
infrared flickered provided the best performance The flicker mode provided
a reduction in target recognition tire of over five seconds and over nine
seccnds over the TV-alone and n/::rared-alone modes respectively. From a
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Figure 7. Experimental Results
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tactical viewpoint where a few seconds in response time can result in success

or failure, these data suggest significant value of the integrated video modes.

Of special interest is a comparison of differences in performances for tar-

get detection compared to target recognition as a function of mode. While
the integrated mode was better for detection it was not the best for recogni-

tion. The data for percent recognition completeness and accuracy show a

parallel improvement in performance as compared to detection a-d response

time. The color mode with flicker resulted in 56 percent complete recogni-

tions compared to 27 percent and 35 percent for the TV-alone and infrared-

alone modes. The color mode with flicker also resulted in the highest accu-

racy performance. This is highly critical from a tactical viewpoint since

response error was incorporated and is indicative of false alarm rates.

Only 12 percent false alarm recognitions occurred for this mode as com-

pared to the TV-alone and infrared-alone modes. Of significant interest is
the demonstration of differential performance as a function of display modes

as related to target detection and target recognition tasks. Detection tasks
do not necessarily correlate with recognition tasks. The best -node for tar-

get detection under specific conditions is not always the best rmode for target

recognition under identical conditions. Our results indicated that by switch-

ing from the continuous integrated color mode after target detection occurred
to the flicker color mode recognition response time would have been im-

proved 6 percent and recognition accuracy 14 percent. In addition, differen-

tial performance as a function of scene conditions as well as larget type dif-

ferences also occurs. It is readily evident that the establishment of criteria
for the selection and employment of sensor-display modeology is even more

complex than originally contemplated. When the allocation of false colors to

display magery is made, the sitliation becomes even more difficult. The

photos in figure 3 illustrate this :iituation very effectively. Certain features
of the airfield can be enhanced or subdued by the introduction of conmplemen-
tary and/or noncomplementary colors.

We have also experimented on a subjective basis with visual and in-
frared imagery mode available to us from the Defense Meteorological Satel-
lite Program which :s a Westinghouse developed sensor system for the Air
Force n a space platform. Both sensors shared an identical field-of-view
and provided simultaneous imagery relayed to Earth via data-link. Figure q
shows Hurricane Ava which occured 6 June 1973 south of the Baja Peninsula.
Notice the dissimilarities betver the infrared imagery on the left and the

visual imagery on the right even though they are identical scenes. As we
begin level-slicing the infrared ar,d integrating it into the visual, we can

achieve some unusual effects. 1:. this instance, the visual inage was pro-

vided as a black and white reference. The :nfrared video was differentiated
and pseudo-color coded. The sharply defined lines outline isotherms while

the varying colors (shades of gray since this paper is printed in black and

white) in! icate coldest to warmest temperature
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Figure 8. Allocation of False Color Is Very Critical to Enhancerre nt
or Degradation of Target Background Contrast

It is also apparent that the use of false color for imaging sensor displays
does not always provide a superior picture. As shown, in an integrated
image displayed in black and white, apparent resolution along contour dif-
ferences is more pronounced than in the integrated image displayed in color.
However, we have only subjectively evaluated these scenes and are not at
this time prepared to substantiate this statement with quantitative measures.

IMPLICATIONS OF MULTISENSOR DISPLAYS FOR AIR-TO-MUD
OPERATIONS

The dynamics of international politics in conjunction with certain do-
mnestic political pressures has created impetus for the desire and need for
maximum flexibility of tactical capabilities and response. if the concept of
limited warfare with associated constraints imposed by geopolitical param-
eters are relaxed, a "non-win" attitude reversed, and sophisticated com-
mand and control structures prove capable of graceful rather than catastro-
phic degradation, the provision of close-air support against targets such as
tanks and artillery in close proximity to the FEBA will prove to be very cri-
tical to achieving victory on the battlefield. There might even be such things
as targets of opportunity. The single-seat tactical aircraft of the HI-LO mix
concept ranging from the sophisticated F-15, through the intermediate F-16/
F-18 and to the austere A-10l presents serious implications for the achieve-
ment of flexible, effective weapons delivery operations.
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Infrared Video Visual Video

Integrated Video

Figure 9. Visual Integration of Visual and Infrared Meteorological
Imagery



These implications can be expected to be worse than projected when

the tactical scenario is viewed from a flexible, response capability for air

support strikes rather than the planned long-range interdiction missions

that were prevelant in Vietnam. Efficient communications and coordination
with ground-based and airborne FAC's as well as the ability to acquire and

attack targets via self-contained sensors will be critical to mission success
in such a dynamic combat environment.

i ll, .r I O b

Figure 10. Flexible Response is Critical to Success in the
Close-Air-Suoport Mission

At the risk of being accused of overconcern with mundane items in the cock-
pit, we point out that it is the simple and obvious problems that usually re-
sult in losing the battle. 'For want of a nail .... Several examples that
come to mind are the operational differences between radar and electro-
optical sensors and the differences between synthetic and imagery display
presentations. We have had the pleasure of conversing with many pilots who
have had extensive experience with radar or electro-optical operations.
Very few have had experience with both and the great majority had a "guy in
back" who was the real sensor operation expert. The table below illustrates
some of the basic differences related to pilot tasks.

Arguments always arise between people experienced in radar and

electro-optical operations when trying to agree which direction the radar
cursor should move aloni the range axis relative to moving the electro-
optical sensor line-of -sight in elevation or depression angle. Radar cursor
controls have historically been mechanized to push forward to increase range
while electro-optical line-of-sight controls have been the reverse.
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TYPICAL RADAR/ELECTRO-OPTICAL DIFFERENCES

Radar Cursor vs Electro-Optical Line-of-Sight Control

Scene Coverage Correlation

Radar Range vs Electro-Optical Field-of-View Selection

Display Format Differences

Aircraft Velocity Vector vs Display Orientation Stabilization

Synthetic vs Real Imagery

Symbols vs Imaging

A technical discussion (polite terminology for a heated argument) related to
the virtues of stabilizing the display image relative to the velocity vector of
the aircraft or to the vertical orientation of the displayed image almost al-
ways results in a lot of confusion and misunderstanding. And then there are
the differences between synthetic symbology and imaging displays. They all
present different characteristics and must be treated in accordance with
these differences.

We must also encourage innovation in cockpit displays ani controls to
breakthrough the traditional way ol doing things. This does not imply change
for the sake of change but rather is :ntended to provide the performance re-
quired to meet new or projected mission requirements. For example, the
radar map imagery shown in figures 11 and 12 is very recent. It is from a
Westinghouse radar installed in an Air Force F-4D test bed currently bailed
to Westinghouse. The range is aporoximately 25 nmi at an altitude about
7 kft. It occurred to us that it might be interesting to level-slice the video
and reinsert it in real-time into the original video. This enables one to
select for display only targets above, below, or falling within certain reflec-
tance values. This mode can be displayed in color as well as in black and
white. An immediate application that comes to mind is to simplify the radar
display in SAC missions to enhance correlation with radar prediction charts.
The crew is only interested in specific targets with certain reflectance
characteristics. It seems logical to enable the crew to selectively eliminate
or reduce targets and background returns of little or no intere3t at the display
without sacrificing or reducing radar level of performance.
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Figure 11. Radar Air-to-Ground Video

. 4

Figure 12. Radar Air-to-Ground Video Enhanced by Level-Slicing
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THE SUPER-ENGINEER /SUPER -PILOT SYNDROME2

Everybody is an expert when it comes to displays and controls. And

no~t necessarily only those displays and controls found in a fighter cockpit.
This should not be surprising since displays and controls provide the inter-

face between man and his machine. And human nature being what it is, this

interface is usually very subjective if not downright emotional. Many of our

experimental programs and man-in-the -loop simulations have demonstrated
this situation. Structured questionnaires of subjective opinions related to

observer confidence levels or how well they felt they performed a given

task have not always directly correlated with actual performance. We have

all experienced this feeling. "How did you do? Rotten!'' Actually you

turned in an outstanding performance using the new device.

At the risk of raising the hackles on the necks of some engineers and

pilots, we have become sensitive to the super-engineer/ super- pilot syndrome.

It is very desirable to establish and maintain a meaningful dialogue between

the highly specialized design engineer and the operational pilot.

Some super-engineers are oblivious to the pilot's operational require-

ments. As we stated early, he has forgotten that his wonderful machine has

been created to serve man in a meaningful way. Super-pilot can fly the
crate they came in. He can adapt to and surmount any handicap. Maybe he

can. Unfortunately, the majority of us are not super-engineers or super-

pilots. Our performance levels are distributed within a classic bell-shaped
curve, which is usually well below those oi super-engineer and super-pilot.
We must think in terms of a squadron effectiveness viewpoint. No super-

stars win a war. It takes a team effort. We may not improve super-pilot's

performance at all. Maybe he can fly the crate they came in. The same
holds true for super-engineer. He may have created an engineering marvel
that most average people can't operate. But if we can design and produce

equipment that improves the performance of the rest of the team, we have
accomplished something worthwhile.
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ANALYSIS OF COLOR AND ITS EFFECTIVENESS

Richard E. Christ

New Mexico State University, Las Cruces, NM

Highly practiced subjects were used in a series of experiments to inves-

tigate the effectiveness of color coding relative to coding with letters,

digits, and familiar geometric shapes. These experiments were concerned with

unidimensional and bidimensional displays and with relatively simple single

tasks (choice reaction, search and locate, and multiple target identifica-

tion). The results were analyzed and are presented in a manner which will

maximize their usefulness as a practical guide for when and where to use color

in displays.

INTRODUCTION

A major consideration in display design has always been the selection of

optimal symbolic coding variables. While a number of different coding var-

iables have been extensively examined in the past, the relative efficiency of

color as a coding variable has not been an issue until recently. Now however,

advances in hardware technology have made color a highly feasible coding di-

mension. As a result of these hardware developments the question of whether

or not to actually use color is being raised by both the manufacturers and

the ultimate users of visual displays. Careful consideration of this question,

however, raises at least two major qualifications.

First, it is important to distinquish amonq the several criteria that

could be used to evaluate the relative value of color in displays. The tech-

nological or engineerinq aspects of putting color into displays is without

question of considerable importance. w hile I am not qualified to address

this aspect of the question, it seems safe to say that the cost and the



reliability and maintainability Of color displays need to be established so

that comparisons can be made between these color displays and more traditional

achromatic displays.

The esthetic value of color is well established and is the one criterion

which clearly favors the use of color. That is to say, almost any investiga-

tion of the value of color in displays which uses viewer preference as a cri-

terion finds that the viewer believes color improves the quality of the dis-

play. Furthermore, when the issue is pursued, the viewer of color displays

reports frequently that there is an improvement over black and white displays

in information transfer from the display and in his ability to utilize this

information.

Objective measures of the relative effects of color on operator perfor-

mance, however, are much less consistent than the subjective reports of the

operator. In fact, when one wishes to employ objective measures of operator

performance as the criteria for judging the value of color in displays he is

immediately confronted with a dearth of data and the information that is

available is very inconsistent. A recent review of the relevant literature

by Christ (1975) showed that even when subjects preferred color displays and

even when they were convinced that color aided their performance, there was

little or no objective data to support those subjective feelings.

Once one recognizes the diversity of criteria that can :nd indeed must

be used to judge the relative effectiveness of color in displays , still an-

other major qualification needs to be considered. Specifically. the nuestion

of whether or not color is better than achromatic or monochromatic displays

must ta3ke into account the purpose of the display and the condili:ions in which

it will be used. Displays are used in a wide variety of applications. The

requirements of the display and the relative effectiveness of color -.ay vary
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considerably as a function of the application. A recent review of the liter-

ature quantitatively analyzed the objective performance data from those few

studies which could be used to determine the relative effectiveness of color

codes. That review showed that color could be a very effective target code

under some display and task conditions, but also that color could yield no

advantage and might even be detrimental under other conditions relative to

various types of achromatic codes.

Objectives of Present Research

Our own research is limited to examining the effects of color on objec-

tive measures of human performance. We have assumed the engineering aspects

are either of no consequence or that they will be dealt with by those most

qualified to do so. While recognizing the importance of operator acceptance

we have also assumed that the operator of a complex system will accept and

come to prefer those display parameters which can be shown to actually aid

him in his need to acquire and utilize information presented in the display.

Our research into the issue of color has also taken into account the issue

of applications. Consequently, we have examined the relative effectiveness

of color in a variety of different display and task conditions. Both rela-

tively simple and more complex situations were employed, the latter analyzable

into the simpler units from which they were constructed.

Our efforts were initiated and guided by the results of a quantitative

review of the literature. While the information derived from the literature

review permitted the generation of a tentative guide for the use of color in

displays, an equally valuable outcome was the identification of those gaps in

knowledge which have prevented a definitive evaluation of color coding. The

major limitation of the published studies is the complete absence of data

necessary for making some color versus achromatic code comparisons.
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Furthermore those few comparative values which are available in the litera-

ture have generally been obtained under highly restricted conditions. Of

particular importance, these restrictions include the fact that published ex-

perimental results are, with few exceptions, based on the performance of es-

sentially unpracticed subjects, i.e., subjects who participated in one,

usually short, experimental session. In addition, the published data were ob-

tained under conditions in which subjects could devote their full attention

to a single display for the purpose of accomplishing a single, relatively sim-

ple task. These two restrictions, mnore than anything else, severely limited

the design guides that were established. (Christ, 1975).

The present report summnarizes a series of experiments designed to pro-

vide a revised (where needed) and expanded table of gains and losses associ-

ated with the use of color in visual displays relative to achromatic coding

variables. These experiments and the data and conclusions derived from them

are fully discussed in a recently released technical report (Christ and Corso,

1975). The overall concern of most of these experiments was to provide a

single group of subjects long-termn practice with each of four coding variables

(Letters, Digits, Familiar Geometric Shapes, and Colors) in each of three

types of relatively simple tasks, Choice Reaction Time (CRT). Search and Lo-

cate, and Identify. Subsequent reports in this series will describe studies

designed to determine the relative effects of color coding in more complex

multiple task conditions.-

GENERAL METHODOLOGY

The apparatus used for these studies consisted of a multiple display-

multiple task system designed specifically for this research program. Since

this system has been described in detail in an earlier report (Christ, Stevens,

and Stevens, 1974), only a brief description will be given here.
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The overall configuration of the displays and controls is illustrated in

Figure 1 which shows a photographic view of the apparatus from over the left

shoulder of a subject.

The displays used for the present series of experiments used IEE Series

00100 single plane rear-projection readouts. Each TEE unit consists of 12

projection lamps and 12 film messages. When one of the lamps is lighted it

illuminates the corresponding film message, focuses it through a lens system,

and projects it onto a non-glare viewing screen.

The display console used for all 10 experiments reported here was de-

signed to hold one large multiple stimulus display and three smaller single

stimulus displays. The large multiple stimulus display is shown in Figure 1

in the center of the display console. This display consisted of 16 lEE single

plane readouts arranged in a 44 matrix. This matrix display was mounted be-

hind a common viewing screen. While all six of the smaller peripheral dis-( plays shown in Figure I were visible to the subjects in this series of experi-

ments, only those three at the bottom of the display console were used and

then, no more than one at a time. Only the single TEE unit on the extreme

right was used in Experiments 1, 2, 3, 8, and 10. Only the large matrix dis-

play was used in Experiments 4 and 5. The single TEE unit in the center of

the row and the matrix display were used in Experiments 6 and 7. The single

IEE unit on the extreme left and the matrix display were used in Experiment 9.

The same film was used in all of the TEE readouts relevant for any given

experiment. The design of the films made it possible for all projected mes-

sages to be coded identically (unidimensional display) or for the messages to

be coded by two coding variables (bidimensional display). Figure 2 presents

examples of these two types of display conditions as they applied to the ma-

trix display. It nay be seen that the displays labeled 8 and D in Figure 2
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are unidimensional shape and unidimensional letter displays, respectively.

The displays labeled A and C in Figure 2 are bidimensional digit-shape and

bidimensional letter-color displays, respectively. The messages in each dis-

play were lighted and shown against a dark gray background. Roscolene color

filters were used in conjunction with the dots shown in the display labeled

C in the figure.

The control console shown in Figure 1 consisted of four clusters of

buttons. Each cluster of buttons was designed to receive a subject's respon-

ses for a different task. The six IEE units and associated buttons in the

upper right corner of the control console were used to identify stimuli in

the CRT and Identify tasks.

The Search and Locate response units consist of four momentary contact

buttons arranged in a two x two matrix which was placed in the ;ower left

corner of the control console shown in Figure 1. The subject used this re-

sponse unit to specify the location (quadrant) of a target in the matrix dis-

play. The keyboard and buttons in the center of the control console shown in

Figure 1 were removed from the console and that area was covered by an alumi-

num panel. The six buttons in the upper left of the control console were

left exposed to the subjects but they were never used.

The entire system shown in Figure 1 was interfaced with a PDP8/e minicom-

puter. The software developed for this computer controlled all programmable

sequences of display events. The experimental program and up to lO0 stimulus

sequences of 20 to 48 trials each were written onto one auxiliary magnetic

tape (Dectape) and the responses and response times of the subject were stored

on a second tape.

Except for Experiment 2, the same set of eight male subjects was used in

all experiments. These subjects were paid a fixed sum per experimental
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session for their participation and were also given a monetary incentive based

upon their performance. All subjects were between the ages of 19 and 24, and

they were all right-handed. In addition, subjects all had a visual acuity of

at least 20/15 in each eye as measured with the Snellen chart and normal color

vision in each eye as determined by the American Optical H-R-R Pseudoisochro-

matic Plates.

RE SULTS

The results of these experiments were analyzed in terms of absolute

levels of performance for each coding dimension and in terms of the effective-

ness of color relative to the achromatic codes. Since these results are pre-

sented in considerable detail in the Christ and Corso (1975) technical report,

only a few very salient results will be presented here.

The overall effects of practice and target codes on absolute levels of

choice reaction time performance are illustrated in Figure 3. The choice re-

action task was the only task which was run over extended series of practice

sessions and which permits a thorough examination of the effects of practice

and familiarization. The task employed was called a simple CRT task in that

only one stimulus was presented on each trial. There was no uncertainty about

when or where the stimulus would appear and there were no distracting or po-

tentially interfering stimuli presented anywhere in the display console.

The data shown in Figure 3 were derived from one experiment which used

four groups of relatively naive, short-term subjects (Experiment 2) and from a

series of experiments which used a single group of highly commnitted, highly

practiced, long-term subjects (Experiments 1, 3, and 8). It may be seen that,

in general the reaction times were quite long for the naive subjects in Exper-

iment 2. Statistical tests showed that the performance of all four groups of
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of those subjects improved with practice and that there were large and consis-

tent differences among the four target code conditions that were assigned to

the four groups of subjects. The data from the single group of long-term sub-

jects used in Experiments 1, 3, and 8 also show large effects due to practice,

both within and between experiments. It is clear from these data that the ab-

solute differences among target code conditions decreased over successive ex-

periments for those long-term subjects.

Since the primary purpose of the present effort was to quantify the gains

or losses associated with the use of color relative to achromatic codes, abso-

lute measures of performance were used to calculate relative scores. The de-

rived scores also enable comparisons among speed and accuracy criteria of per-

formance and comparisons among the different types of simple tasks. The most

relevant derived scores were computed by determining the difference between

performance with color and with an achromatic stimulus as the target code and

dividing this difference by the results obtained with the achroratic code,

% Difference Score %Achromatic-Color x 100 (1)Achromatic

These calculations were based on data obtained from each individual long-term

subject and were always made within a given experiment when all other task

parameters were held constant. Positive scores indicate an advantage of a

color, negative scores a disadvantage of a color, both relative to a particu-

lar achromatic target code.

Table I shows the minimum and the maximum gain (or loss) that was found

with color as a target code relative to each achromatic target code. These

percent difference scores are shown separately for each type of task. The

scores for the choice reaction and the search and locate tasks are based upon

correct response time measures. The scores for the identification task are

387



based upon both the average correct response times and the average levels of

accuracy.

When the subject's task is to identify a single target as rapidly as

possible, color produced relative losses in choice reaction time as large as

-16 percent and relative gains as great as +36 percent. These percent dif-

ference scores varied as a function of the comparison achromatic code and as

a function of whether the target stimulus appeared in isolation or in a field

which also contained other nontarget background stimuli. The largest losses

occurred when the target was presented by itself; the largest gains when the

target was presented in a visually noisy (heterogeneous) stimulus display.

The use of color in search and locate tasks generally leads to a relative

decrease in search/locate time. The gain in performance relative to when

achromatic targets are used may be as great as 27 percent but there may also

be a loss in performance as great as -8 percent. The greater gains are more

likely to occur for the more dense displays (i.e., for displays containing

many stimuli) and in bidimensional displays. The relative advantage of color

is least for low density unidimensional displays.

When the subject is required to identify multiple targets from a briefly

exposed display, color is less effective as a target code relative to achro-

matic stimuli if the primary objective is to maximize the accuracy of the re-

sponses. However, if the average correct response times are of primary impor-

tance, color coding leads to superior performance relative to letters, digits,

or shapes. The effects in either case are never very large. The greatest

relative loss associated with color for accuracy was only -17 percent; the

greatest relative gain in the mean correct response times was about +27 per-

cent. The larger relative scores were obtained with bidimensional displays;

smaller scores were obtained with unidimensional displays.
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CONCLUS ION

In conclusion, it appears that color is most likely to benefit perfor-

mance in any task if the subject must deal with more complex, multiple stimu-

lus formats and when he must distinguish one class of stimuli (e.g., one

stimulus dimension) from another. Presumably, color aids the subject in the

requirement for organizing or reorganizing inputs from the display.

The results of this research program also emphasize the importance of

practice with any coding variable and with any task. Even when the different

coding dimensions led to relatively large difference in performance, there

was a tendency for practice to attenuate the differences. Finally, even when

there were relative differences in performance attributable to color, it is

not certain that color was the only coding variable or the best coding vari-

able that could produce those results. In these present experiments familiar

geometric shapes produced performance measures quite similar to that found forI color. It is certainly possible to conceptualize other types of achromatic or

monochromatic coding dimensions, not tested here, which should be evaluated

relative to color before potentially costly decisions are made.

It is critically important to remember that the ultimate criterion for

deciding whether or not to introduce a change in the design of a display is

not how "nice" something looks or how technologically sound something is, but,

rather, how much it will enhance total system performance. The objective

performance of the human operator is very often the limiting factor in the

performance of the total system. Consequently, I strongly urge that in addi-

tion to engineering feasibility studies, and in addition to subjective prefer-

ence studies, more engineering psychology studies be completed (and required)

before display design changes are implemented. Only then can decisions about

when and how to change displays be considered meaningfully against such other
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system requirements as cost, training, and the like.
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